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perimental data provide an unambiguous answer in favor of the
second alternative; thus, we have to conclude that the isomerization
10 = Sa-Fe* is rapid in comparison to the production of molecular
hydrogen.

The behavior of the [M — C;H,]* species generated from 9a-Fe*
was also probed by using FTICR. If, for example Fe(C,H,)*,
generated from Fe* and C,HCl, is reacted with CD,(CH,),C-
OC;Hj; (5¢), the primary reaction products are m/z 201 (6%),
173 (36), 171 (43), and 170 (15). The reaction time was 500 ms,
the pressure of 5¢ ~2 X 107% mbar, and that of argon ~4 X 1077
mbar. The product distribution is easily explained by dissociation
of the ion/molecule complex m/z 201, which very likely corre-

sponds to structure 22; this complex either directly (22 — 10)
or via 21 decomposes to 10 and/or Sa-Fe*. Loss of H,/HD from
these products occurs in a ratio practically identical with what
has been observed for 9b-Fe* in the beam experiment.
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Abstract: The ligand-exchange ion-molecule reaction chemistry of Cr,(CO),* ionic transition metal cluster fragments has
been investigated by using a two-section ion cell Fourier transform ion cyelotron resonance mass spectrometer. Simple
ligand-exchange reactions involving ligand (L) addition followed by metal-ligand (M---CO) bond cleavage (i.e., an associative
ligand-exchange mechanism) as well as ligand exchange involving metal-metal cleavage (i.e., addition of L to Cr,(CO),* followed
by metal-metal bond cleavage) are observed. The branching ratios for reactions involving metal-metal bond cleavage increase
as the metal-to-ligand ratio decreases. In addition, the ratio for simple ligand exchange to metal-metal bond cleavage is strongly
dependent upon the nature of the reacting ligand (L). These data combined with collision-induced dissociation data for Cr,(CO),*
ionic cluster fragments suggest that the Cr—Cr bond strength decreases as y is increased; i.e., the Cr---Cr bond order is strongly

dependeni upon the ligand environment.

Introduction

Studies of the chemical and physical properties of gas-phase
transition-metal ions are a subject of growing research interest.'
An understanding of the chemical and physical properties of
transition-metal ions and unsaturated ionic cluster fragments is
fundamental to continued development in several areas of inorganic
chemistry. Studies of transition-metal clusters is partially mo-
tivated by the similarities between transition-metal clusters and
bulk-metal surfaces. Although one can argue the merits of studies
aimed toward bridging the gap between atomic/molecular
properties and bulk materials, our understanding of “catalysis/
surface chemistry” will be enhanced if the factors which alter the
chemical and physical properties of transition metal species can
be delineated. Thus, the study of transition-metal clusters provides
information essential to a complete description of adsorbate-metal
surface interactions. The breakdown between transition-metal
clusters and metal surfaces lies in the fact that metal surfaces
exhibit higher metal/ligand ratios than most saturated transi-
tion-metal clusters. Consequently, the current trends in much
of cluster chemistry is centered around so-called bare metal
clusters.

An important aspect is the study of gas-phase ionic transi-
tion-metal clusters is the ability to study highly unsaturated cluster
(both cationic and anionic) fragments which have higher met-
al-to-ligand ratios. Our work is directed toward developing
methods for measuring metal-metal and metal-ligand binding
energies as a function of cluster size as well as a function of

(1) See, for example: Gas Phase Inorganic Chemistry; Russell, D. H., Ed,;
Plenum Press: New York, 1989.

0002-7863/90/1512-5953$02.50/0

metal-to-ligand ratio.2 For example, ions of the type M,(CO),*
(x = 2-8, y = 0-3x) can be synthesized and probed by ion-
molecule reaction chemistry,> collisional activation methods,5#
and photodissociation.®!'  Ridge® and Russell'? studied the
ion—molecule clustering reactions of anionic and cationic tran-
sition-metal species and reported on the formation of highly un-
saturated ionic cluster fragments, and proposed that the reactivities
of the cluster fragments directly correlate with the electron de-
ficiencies. Because electron deficiency is an indication of the
number of open coordination sites of the metal atoms within the
cluster fragment, a change in the electron deficiency (number of
open coordination sites) is observed as a change in the reactivity.

(2) Teckienburg, R. E., Jr.; Russell, D. H. J. Am. Chem. Soc. 1987, 109,
7654. Tecklenburg, R. E., Jr.; Bricker, D. L.; Russell, D. H. Organometallics
1988, 7, 2506.

(3) Wronka, J.; Ridge, D. P. J. Am. Chem. Soc. 1984, 106, 67.

(4) Freas, D. P,; Ridge, D. P. J. Am. Chem. Soc. 1984, 106, 825.

(5) Gord, J. S.; Freiser, B. S. J. Am. Chem. Soc. 1989, 111, 3754,

(6) Forbes, R. A_; Lech, L. M.; Freiser, B. S. Int. J. Mass Spectrom. Ion
Proc. 1987, 77, 107.

(7) Armeniroul, P. B. In Gas Phase Inorganic Chemistry; Russeli, D. H.,
Ed.; Plenum Press: New York, 1989; pp 1-42.

(8) MacMillan, D. K.; Gross, M. L. In Gas Phase Inorganic Chemistry,
Russell, D. H., Ed.; Plenum Press: New York, 1989; pp 369-401.

(9) Hellich, R. L.; Freiser, B. S. J. Am. Chem. Soc. 1987, 109, 3537.

(10) Hellich, R. L.; Freiser, B. S. J. Am. Chem. Soc. 1987, 109, 3543,

(11) Henich, R. L.; Jackson, T. C.; Sianko, E. M.; Freiser, B. S. J. Am.
Chem. Soc. 1986, 108, 5086.

(12) Fredeen, D. A.; Russell, D. H. J. Am. Chem. Soc. 1985, 107, 3762.
(b) Fredeen, D. A.; Russell, D. H. J. Am. Chem. Soc. 1986, 108, 1860. (c)
Fredeen, D. A.; Russell, D. H. J. Am. Chem. Soc. 1987, 109, 3903.
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The calculated (using the 18-electron rule)'? electron deficiencies
of Cry(CO),* (y = 4-6) are 7.5, 6.5, and 5.5, respectively.
However, the reactivities of Cr,(CO)¢* and Cry(CO)s* are much
lower than that for Cry(CO),*, suggesting that the cluster frag-
ments have much smaller electron deficiencies, 3.5 and 4.5, re-
spectively.!? Because the reactivity of Cry(CO)¢* is low relative
to the predicted electron deficiency, it was suggested that higher
order metal-metal or metal-ligand bonds could compensate the
electron deficiencies.

On the basis of ion—molecule reactivity data, the electron de-
ficiencies of the Cr and Fe ionic cluster fragments are found to
be of two types: (i) electron deficiencies that are typical for simple
polyhedra structures (e.g., systems that obey the 18-electron rule)
and (ii) electron deficiencies that deviate from the [8-electron
rule. It was proposed that deviations from the 18-electron rule
are attributable to high bond orders for either the metal-metal
bond or the metal-ligand interaction(s).»? Such bonding is
especially interesting because most clusters differ from surfaces
in that metal-metal bond orders for clusters are low. For example,
the low electron deficiency of Cr,(CO)¢* could be explained by
the presence of a Cr-Cr triple bond and/or CO ligands which
are four-electron rather than two-electron donors. Consequently,
the metal-metal and/or metal-ligand binding energies for Cr,-
(CO)¢* should differ from that for Cr(CO),*. Furthermore, the
chemical properties of cluster fragments such as Cr,(CO),* and
Cry(CO)¢* may be strongly influenced by either structure or
metal-metal and metal-ligand bonding.

Ligand-exchange reaction chemistry of unsaturated ionic cluster
fragments is of fundamental interest as well as an informative
probe of chemical properties. Although addition of ligands to
coordinatively unsaturated metal centers might be expected to
be rapid and efficient, recent studies show that some ligand-ex-
change reactions are slow and inefficient. For example, CO
addition reactions to coordinatively unsaturated, neutral metal
carbonyls have been examined by Weitz et al.'* Large variations
in the reaction rate for CO addition to Fe(CO), were observed,
and the slow rate for CO addition to Fe(CO), was attributed to
a spin-forbidden transition: Fe(CO), (triplet ground state) + CO
— Fe(CO); (singlet ground state). Conversely, the rapid rate
for CO addition to Fe(CO), and Fe(CO); suggest these processes
are spin-allowed. Thus, the first step in ligand-exchange reactions,
e.g., ligand addition as illustrated by reaction 1, and, consequently

M,(CO),* + L = [M,(CO),*~L]* — M,(CO), ,L* + aCO
(N

the overall rate for ligand exchange, may be exceedingly sensitive
to the spin state of the ionic cluster fragment. Similar trends in
the rates of ligand-exchange reactions have been observed for
gas-phase ionic species. Specifically, Beauchamp and co-workers
showed that CO addition reactions for some gas-phase cationic
metal species are also quite slow.!

Experimental Section

All experiments were carried out by using a Fourier transform ion
cyclotron resonance buili at TAMU. The system consisls of a Nicolet
1280 dala sysiem, a 3-1esla Oxford superconducting magnet, a home-
built vacuum sysiem, and a two-section ion cell. Samples were introduced
into 1the system with variable leak valves maintained at ambient tem-
perature with 1ypical pressures of 1-3 X 1077 Torr (measured with a
Granville Phillips Gauge Coniroller Series 280). Electron impaci ioni-
zalion of the sample was performed by using a pulsed eleciron beam
(pulse duration 1-3 ms) a1 50 eV (nominal) ionizing energy and 200 £
10 nA emission current. The ion cell irapping voliage was mainlained
al4 v,

The ionic clusier fragmenis studied were formed by ion-molecule
reactions as described by Fredeen and Russell.!? Afier formation of the
jonic clusier fragmenis ion ejection!® and/or skimmed pariitioning,!?

(13) Chini, P. J. Organomet. Chem. 1980, 200, 37.

(14) Ouderkirk, A. J.; Wermer, P.; Schultz, N. L.; Weitz, E. J. Am. Chem.
Soc. 1983, 105, 3354. (b) Seder, T. A.; Ouderkirk, A. J.; Weilz, E. J. Chem.
Phys. 1986, 85, 1977.

(15) Dearden, D. V.; Hayachibara, K.; Beauchamp, J. L.; Kirchner, N.
J.; van Koppen, P. A. M.; Bowers, M. T. J. Am. Chem. Soc. 1989, 111, 2401,
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Figure 1. Temporal plo1 for 1he ligand-exchange ion-molecule reactions
of Cry(CO),* with 13CO.

1echniques were used 10 mass seleci a pariicular ionic clusier fragment
for ligand-exchange studies. The mass-selecied ionic cluster fragment
was then pariitioned 10 the analyzer side of the two-seciion cell which
conlains the neulral ligand at a siatic pressure of 1-3 X 1077 Torr. The
ligand-exchange products for a particular ionic cluster fragment and a
particular ligand was then monitored as a function of time. The complete
experimental sequence has been described in deiail previously.!* The
data for each reaction are represenied as relalive total ion inlensily versus
time to produce temporal plots which can be fiited and used 10 extract
reaclion rate constants.

The rate of disappearance of the ionic clusier fragment is defined as
In 1)1, = —exp(nkt) where I is the intensity of the ionic cluster fragment
al any time, 1, I, is the inilial intensily of 1he ionic cluster fragment, n
is the number density of neutral molecules, and & is the rate constant for
the reaction. Therefore, a plot of [(In 7//)] versus time would have a
slope of —nk, where k is the raie consiani for disappearance of the ionic
cluster fragments. The number density is calculated using 1he ideal gas
law. The pressure of the neutrals is corrected for the sensitivity of the
ionization gauge to the particular ligand (relative 10 nitrogen) by mul-
tiplying the pressure by the sensitivity factors.!” The reaction rate
constants obtained in 1his manner are good 10 £10%, determined by
comparing reaction rate constants for C,Hy"* + C,Hy — C;Hs* + CH;y
with literature values.?

Collision-induced dissociation spectra of 1he Cry(CO),* ions were
obiained by using a Kraios MS-50TA tandem mass specirometer. The
instrumen and the details of 1he experiment have been described pre-
viously.2!

Results

This work investigates the ion-molecule ligand-exchange re-
actions for Cry(CO),* (y = 4, 5, 6) ionic cluster fragments with
several ligands (13 CO, O,, C4H, (1,3-butadiene), benzene, NH;,
and CH;0H). The Cry(CO),* ionic cluster fragments are formed
by ion—molecule reactions ofy Cr* with neutral Cr(CO),.'%2 The
ligand-exchange reactions proceed by an associative reaction
mechanism (reaction 2) where L is some ligand. Thus, addition

Cry(CO),* + L — [Cry(CO),..L]* —
Cry(CO),,L* + a(CO) (2)

of L to Cry(CO),* occurs because open coordination sites are
available for ligand binding to form a collision complex [Cr,-
(CO)y"---L]*. Dissociation of the collision complex to the final
products, Cry(CO),,L* + a(CO), corresponds to unimolecular
dissociation of the ion—molecule collision complex. In the following
sections a detailed description of the ligand-exchange reactions
for Cry(CO),*, Cry(CO)s*, and Cry(CO)g* with several ligands
are presented. Although the general ligand-exchange reactions

(16) Lehman, T. A.; Bursey, M. N. fon Cyclotron Resonance Spectrom-
etry; Wiley-Inlerscience: New York, 1976.

(17) Kerley, E. L.; Russeli, D. H. Anal. Chem. 1989, 61, 53.

(18) Kerley, E. L.; Russell, D. H. J. Am. Chem. Soc., following paper in
1his issue.

(19) Barimess, J. E.; Georgiadis, R. M. Vacuum, 1983, 33, 149.

(20) Chesnavich, W. J.; Bowers, M. T. J. Am. Chem. Soc. 1976, 98, 8301
and references conlained 1herein.

(21) Bricker, D. L.; Russell, D. H. J. Am. Chem. Soc. 1986, 108, 6174.
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Table I. lon-Molecule Reaction Rate Constanis? for Disappearance of Cry(CO),* for Ligand-Exchange Reactions with Various Ligands

k (cm?® molecule™ sy x 10 for

Cr,(CO),* Cr,(CO)s* Cry(CO),*
induced induced induced
ligand exp dipole ADO exp dipole ADO exp dipole ADO

Bco 0.5 0.7 0.7 0.4 0.6 0.7 0.6 0.6
oxygen 0.6 0.7 0.7 0.5 0.7 0.7 0.4 0.7 0.7
methanol 0.7 08 1.4 0.6 0.8 1.4 0.6 0.8 1.4
ammonia 1.6 0.9 1.6 1.3 0.9 1.6 1.4 0.9 1.6
benzene 0.3 1.0 1.0 0.2 1.0 1.0 0.2 1.0 1.0
1,3-buladiene 0.3 1.1 1.1 0.2 1.1 1.1 0.2 1.0 1.0

@ Reaclion rale conslanis are reproducible (based on 1hree replicale measuremenis) to £10% in each case. See Experimental Seciion for further

discussion on methods.

for the Cr,(CO),* ions are quite similar, each ionic cluster
fragment manifests characteristic differences.

Ligand-Exchange Reactions with *CO (Thermoneutral Ex-
change Reactions). Cr,(CO),* and Cry(CO)s* react (stepwise)
with 13CO to displace all of the '2CO ligands. Figure | contains
a temporal plot for the ligand-exchange reaction products of
Cr,(CO),* and ¥CO. The Cr,(CO),* ionic cluster fragment does
not undergo a ligand-exchange reactions with 3CO. There is no
significant amount (<10%) of CO ligand-exchange reaction
product(s) detected for the Cr,(CO)4* ion for reaction times of
up to 800 ms (~20 ion—neutral collisions).

The rate constants for the disappearance of the Cr,(CO),* ionic
cluster fragments by '*CO ligand-exchange reactions are contained
in Table I. The rate for the disappearance of Cr,(CO),* (k =
5 X 10719 cm? molecule™! s7!) is approximately 20% faster than
that for Cry(CO)s* (k = 4 X 1079 cm?® molecule™ s™!). The
experimental reaction rates are compared with calculated collision
frequencies (Langevin and averaged-dipole orientation theories).?2
Note that in each case the reaction with 3CO is relatively efficient
(70-80%). Assuming that all CO ligands of the collision complex
are equivalent, loss of both 12CO and 13CO is possible; thus the
measured reaction rate will deviate significantly from the calcu-
lated collision rate.

Ligand-Exchange Reactions with Oxygen. The ligand-exchange
reactions of Cr,(CO),* and Cry(CO)s* with O, proceed with the
displacement of all the CO ligands by a single O, ligand (reaction
3).2 At longer reaction times (reaction times corresponding to

Cry(CO),* + 0, — [Cry(CO),0,*]* — Cr,0,* + y(CO)
=475 Q)

5-10 ion—neutral collisions), the Cr,0,* ion reacts with O, to form
Cr,0;* or Cr,0,*. The Cr,0;* and Cr,0,* are both present in
low (<20%) relative abundances. Figure 2a contains temporal
plots for the ligand-exchange reaction for Cr,(CO),* reacting with
O,; this temporal plot is representative of both the Cry(CO),* and
Cr,(CO)s* ions.

The ligand-exchange reaction of Cr,(CO)¢* with O, is similar
to those observed for Cr,(CO),* and Cr,(CO)s*. That is, the
initial ligand-exchange reaction yields Cr,0,* ions by displacement
of all six CO ligands by a single O, ligand (reaction 4; y = 6).
Also, the Cr,0,* ion reacts with O, to form Cr,0;* or Cr,0,*.
However, there are significant differences in the ion—molecule
reaction rates, as well as the observed ion—molecule products. For
example, the relative abundances of Cr,0;* and Cr,0,* are ap-
proximately twice that observed for the Cr,O,* ions formed by
reaction of Cry(CO),* and Cr,(CO)* with O, (Figure 2b). The
difference in the product ion yield for Cr,O,* (formed by reactions
of Cr,(CO)¢* with O,) is probably due to differences in internal
energies of the Cr,0,* ion.?* In addition, a new product ion,

(22) Su, T.; Bowers, M. T. In Gas Phase lon Chemistry, Bowers, M. T,
Ed.; Academic Press: New York, 1979, Vol. 1, pp 84-117.

(23) Similar reaclions have been observed for dimer and 1rimer ions of Fe
agg Cc_>7 ions; see: Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1986,
108, 27.

(24) (a) Bricker, D. L.; Russell, D. H. J. Am. Chem. Soc. 1987, 109, 3910.
(b) Bricker, D. L.; Russell, D. H. Unpublished resulis 10 be submilled 10 J.
Am. Chem. Soc.
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Figure 2. Temporal plot for the ligand-exchange ion-molecule reaction
of (a) Cry(CO)4* and (b) Cry(CO)s* with oxygen.

Cr(CO);0,*, which arises by addition of O, to Cr,(CO),* followed
by cleavage of the metal-metal bond is formed as the major
ion-molecule product. Note that the Cr(CO);0,* ion—molecule
reaction product is not observed for Cr,(CO),* and Cr,(CO)s*.

The product ions of the ligand-exchange reactions of Cr,(CO)¢*
with O,, specifically the Cr(CQ);0,* ion formed by metal-metal
bond cleavage, were verified by 80, isotopic labeling experiments;
Cr(C0),0,* and Cr,0,* have the same nominal mass, e.g., m/z
168. All of the O, ligand-exchange reaction products from
Crz(C0)4+ and Cl'z(co)5+ (C.g.. C|'202+. C|'203+. and Cr204+)
increased in mass by 2n, where n is the number of oxygen atoms
contained in the product ions. For the Cr,(CO)¢* ligand-exchange
reaction products, reactions with '#0, gave products which also
increased in mass by 2n; however, the product ion observed at m/z
168 using unlabeled O, is shifted to m/z 176 (Cr,'80,*), and a
signal at m/z 172 (Cr(CO);'%0,*) is also observed (reactions 4
and 5).

crp'®o,’ + %o, — crn'®o) (¥
Cr(CO)’ + '%0,
crico); %o, (5)
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It is of interest to note that the Cr(C0);0,* product ion is not
observed as an ion—molecule product at short reaction times, but
at reaction times of greater than ~300-400 ms the Cr,'*0,* and
Cr(CO);'80,* product ions are of comparable abundances. This
result suggests that the Cry(CO)¢* ion must undergo some re-
laxation process (either collisional or radiative) before the Cr-
(CO);0,* reaction channel becomes competitive. Also, the ef-
ficiency of the ion—molecule reaction is low (exp/calc reaction
rate =~60%), which also suggest that not all ion—molecule collisions
yield product ions. The details of this process are being studied
further.

The rate constants for the disappearance of the Cry(CO),* ionic
cluster fragments with oxygen are shown in Table I. Note that
the rate of Cry(C0O),* (k = 1.1 X 107° cm® molecule™ s!) reacting
with oxygen is approximately 25% faster than that for Cr,(CO)¢*
(k=9 % 107! cm3 molecule™ s7!) and ca. 40% faster than that
for Cr,(CO)¢* (k = 7 X 107'° cm? molecule™ s7!).

Ligand-Exchange Reactions with Methanol. Cr,(CO),* reacts
with CH;OH to displace one or two CO ligands (reactions 6 and
7). The ligand-exchange product ions react to displace two

Cri(CO),Y + CH;OH —=
Cra(CO)CHOH' + CO  (8)

[Cra(CO)(CH;OH)' |
Co(CO)CH:0H" + 2(CO) (7

additional CO ligands, yielding Cr,(CO)(CH;OH),* or Crp-
(CH,O0H),*.

The Cry(CO)s* ionic cluster fragment undergoes ligand-ex-
change reactions with CH;OH by displacement of one CO ligand
to form Cry(CO),(CH;OH)* (reaction 8). The Cry(CO),
(CH;0H)* product ion reacts with CH;OH to displace another
CO ligand, yielding Cr,(CO);(CH;O0H),"*, but this ion does not
react further. In addition, the Cry(CO)s* ionic cluster fragment
reacts with CH;OH to yield metal-metal bond cleavage products,
e.g., CrCH;OH* (reaction 9), and the Cr(CH;OH)* ion reacts
with CH;OH to yield Cr(CH;OH),*. Presumably the neutral
formed in reaction 9 is Cr(CO);.

Cra(CO)s + CHOH —=
Cra(COM(CH;OH)® + CcO  (8)

[Cra(CO)s(CHZOH) I
CrlCH0H)' + CHCO)s  (9)

The Cr,(CO)¢* ionic cluster fragment reacts with CH,;OH to
displace one CO ligand, but this ligand-exchange product does
not react further with methanol. The dominant ion—molecule
products observed for Cr,(CO)¢* with CH3;0H correspond to
metal-metal cleavage products, e.g., Cr(CH;0H)*, and this ion
reacts with CH,OH to form Cr(CH;0H),".

The rate constants for reaction of the Cr,(CO),* ionic cluster
fragments with methanol are given in Table I. The rate of
Cry(CO)* (k = 7 X 1071° cm?® molecule™ s7!) reacting with
methanol is approximately 15% faster than those observed for
Cry(CO)s* (k = 6 X 107'% cm? molecule™ s7!) and Cry(CO)¢*
(k=6 %X 1071° ¢cm?® molecule™ s71).

Ligand-Exchange Reactions with Ammeonia. Cr,(CO),* reacts
with NHj; to displace one or two CO ligands (reactions 10 and
I1). Cry(CO),NH;* (y = 2~3) reacts with NHj to displace one

Cr(CO) + NHy —=
Cra(CONi(NH)' + €O (10)
[Cra(CO)(NH) I {

Cra(CO)(NHy)" + 2(CO) (11)
or two CO ligands, and these product ions react to displace the
remaining CO ligands to yield Cr,(NH;);*. The ligand-exchange
reaction between Cr,(CO),* and NHj also yields products which
correspond to metal-metal cleavage of the ionic cluster fragment
to form CrNH;* and Cr(NH;),*. The temporal distribution for

the ligand-exchange reaction products for Cry,(CO)4* with NH,
is shown in Figure 3a.
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Figure 3. Temporal plot for 1he ligand-exchange ion-molecule reaciion
of (a) Cry(CO),* (b) Cry(CO)s*, and (c) Cry(CO)¢* with ammonia.

The ligand-exchange reactions of Cry(CO)s* are very similar
to that for Cr,(CO),*. For the Cry(CO)s* ion ligand exchange
proceeds with the displacement of one or two CO ligands by one
NHj; ligand. A stepwise reaction continues until all the CO ligands
are exchanged, final product ions being Cry(NH;),* and Cr,-
(NHj;);*. The Cry(CO)s* ion also forms products corresponding
to metal-metal cleavage. The yield of product ions formed by
metal-metal cleavage for Cr,(CO)s* is approximately twice that
observed for the Cr,(CO),*. Figure 3b contains the temporal
distribution for the ligand-exchange reaction products between
Cl'z(co)5+ and NH3

The Cr,(CO)¢* undergoes a ligand-exchange reaction by dis-
placement of one CO ligand by one NH; ligand, but additional
stepwise ligand-exchange reactions are not observed. The Cr,-
(CO)¢* ion also forms products corresponding to metal-metal
cleavage (note: the metal-metal cleavage products are the dom-
inant ligand-exchange reaction for the Cry(CO)¢* ionic cluster
fragment). Figure 3c contains the temporal distribution for the
ligand-exchange reaction products between Cr,(CO)¢* and am-
monia.



Ligand- Exchange Reactions of Cry(CO),* Ions

a sz(C°)5+ with Benzene
1.00
oryteong”
0.75+4
2
‘»
c
L
£ 0504
TN rmver—aem——
2 T T T e -
2 cryfeolyieghg)® P ot
[ 0.25 :r _/.'/
“/. — -
R —
P g0y’ — Bieggyt
0.00 + F— i '
0 200 400 600 800 1000
Time (msec)
b
Crz(C0)5+ with Benzene
1.00
orytenng”
R A N — -
."? MC‘“‘)* /"—
g -
e -~
£ os0f ¢
2 A
o e
© /
@ L
0.254 // -
/ Sioghg,” = =
0.00 44 + =y +
0 200 400 600 800 1000
Time (msec)

Figure 4. Temporal ploi for 1he ligand-exchange ion-molecule reaction
of (a) Cry(CO)s* and (b) Cry(CO)¢* with benzene.

The rate constants for the disappearance of the Cr,(CO),* ionic
cluster fragments for the ligand-exchange reaction with ammonia
are shown in Table I. The rate of Cry(CO),* (k = 1.6 X 107
cm® molecule™ s™!) reacting with ammonia is approximately 20%
greater than that for Cry(CO)s* (k = 1.3 X 10 cm?® molecule™
s™!) and ca. 10% faster than that for Cry(CO)¢* (k = 1.4 X 107
cm? molecule™ s™).

Ligand-Exchange Reactions with Benzene and 1,3-Butadiene.
Cr,(CO),* reacts with benzene or 1,3-butadiene to displace two
CO ligands (reaction 12). The Cry(CO),L* ion reacts with C4Hg

Cry(CO),* + L — [Cry(CO),L*]* — Cry(CO),L* + 2(CO)
(12)
[L = C6H6 or C4H6]

or C4H, to displace two additional CO ligands to yield Cr,(L),*.
The temporal plots for the reaction between Cry(CO),* and
benzene or |,3-butadiene are similar to those previously presented
for the Cry(CO)4* ionic cluster fragment.

The Cr,(CO)s* ionic cluster fragment undergoes ligand-ex-
change reaction to form the same products as the Cr,(CO),* ion;
i.e., the ligand-exchange reaction proceeds by displacement of two
CO ligands by a C¢Hg or C,Hg ligand and then stepwise dis-
placement of one to three molecules of CO by a second C¢Hg or
C,Hg ligand. However, the Cr,(CO);* ionic cluster fragment also
reacts to form metal-metal cleavage product ions, i.e., CrCsHg*
and Cr(C¢Hg),* or CrC,H¢* and Cr(C,H¢),*. Branching ratios
for simple ligand-exchange and metal-metal cleavage reactions
can be estimated from the temporal plots provided in Figure 4a.

The Cry(CO)s* ionic cluster fragment does not undergo simple
ligand-exchange reactions with benzene, but it reacts with 1,3-
butadiene to displace one CO ligand. The dominant (see Figure
4b) ion-molecule reaction products observed for Cr,(CO)* with
benzene or |,3-butadiene correspond to metal-metal cleavage
reactions analogous to those products observed for Cr,(CO)s* with
benzene and |,3-butadiene.
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The rate constants for the disappearance of the Cr,(CO),* ionic
cluster fragments for ligand-exchange reactions with benzene and
1.3-butadiene are given in Table I. The rate of Cr,(CO),* (k =
3 X 107'% ¢cm? molecule™ s!) reacting with benzene is approxi-
mately 25% faster than those for Cry(CO)s* (k =2 X 1079 cm?
molecule™ s71) and Cry(CO)* (k = 2 X 10719 cm?® molecule™ 7).
The rate of Cr,(CO),* (k = 3 X 1070 cm?® molecule™ s™) reacting
with 1,3-butadiene is approximately 10% faster than that for
Cry(CO)s* (k = 2 X 10719 ¢m? molecule™ s7!) and that for
Cry(CO)¢* (k = 2 X 1071° ¢cm? molecule™ s71).

Discussion

In order for an ionic transition metal cluster fragment to un-
dergo a ligand-exchange reaction, an open coordination site must
be available to the incoming ligand, i.e., formation of an associative
collision complex (reaction 1). The ion—molecule collision complex
[M(CO),*---L]* contains excess internal energy, and some
fraction of the excess energy can be dissipated by expulsion of
other ligands. Therefore, the exothermicity of the reaction and
the number of CO ligands displaced by the incoming ligand (L)
depends upon the relative binding energies of the ligands to the
metal cluster. Steric effects may influence the overall rate of
reaction, but it is unlikely that such effects (where L is a small
molecule) will play a very important role for the M (CO),* species.
Conversely, geometric relaxation (e.g., structural rearrangement
and/or changes in the metal-metal or metal-ligand bond order)
of the ion—molecule collision complex may be important. That
is, addition of a ligand (L) to M,(CO),* may significantly alter
the nature of the metal~metal bond or even the metal-CO bonding.
The photodissociation data for the M,(CO),* ionic species clearly
show that metal-CO bond energies are sensitive to the metal-
to-ligand ratio,? a result consistent with studies of metal-CO bond
energies of mono-metal species,'425

The thermoneutral ligand-exchange reactions with 3CO provide
an indication of the ligand lability for the Cr,(CO),* ions. The
ligands of Cr,(CO),* and Cr,y(CO)* ions are very labile and
readily exchange with the '3CO; conversely, the Cr,(CO),* ions
do not undergo ligand exchange with 1*CO. There are several
factors which may influence the thermoneutral ligand-exchange
reaction between '3CO and Cr,(CO)4* ions: (i) the ligands of
the Cry(CO)¢* are very strongly bound and the geometric re-
laxation? required to accommodate the incoming ligand is as-
sociated with a high activation (either kinetic or thermodynamic)
barrier; (ii) the Cr,(CO)¢* ion does not have an open coordination
site to accept bonding electrons from the incoming CO ligand.
In our original work on Cr,(CO),* ionic cluster fragments, we
suggested that the electron deficiency of Cry(CO)¢* is low (e.g.,
3.5); an electron deficiency of 3.5 suggests that there are open
(1.75 per Cr atom) coordination sites for attachment of the in-
coming ligand. Therefore, it seems unlikely that the reactivity
of Cr(CO)¢* with CO can be attributed to the lack of an open
coordination site.

It is interesting to compare the rates for the ligand-exchange
reactions of Cr,(CO),* with '*CO and the electron deficiencies
for the ionic cluster fragments. For example, the rate of the
ion—molecule reactions with '3CO (ligand lability) increases as
the electron deficiency of the ionic cluster fragments increases.
The electron deficiency for Cry(CO) * is ca. 7.5, and the electron
deficiencies for Cr,(CO)s* and Cry(CO)¢* are 4.5 and 3.5, re-
spectively.2 Although the rates of reactions for the Cry(CO),*
(v =4, 5, 6) ion are different, specifically Cr(CO),* > Cr,(CO)s*
> Cry(CO)¢*, the differences appear smaller than expected based
on an electron deficiency argument. In general, the Cr,(CO)s*
and Cr,(CO)¢* ions have roughly the same reaction rates except
for ligand-exchange reactions with '*CO and oxygen where the
Cr(CO)s* ion is more reactive. Comparisons of the experimental
reaction rate constants with Langevin and averaged-dipole ori-

(25) (a) Engelking, P. C.; Lineberger, W. C. J. Am. Chem. Soc. 1979, 101,
5569. (b) Stevens, A. E.; Feigerle, C. S.; Lineberger, W. C. J. Am. Chem.
Soc. 1982, 104, 5026.

(26) Seder, T. A.; Church, S. P.; Ouderkirk, A. J.; Weilz, E. J. Am. Chem.
Soc. 1985, 107, 1432. (b) Seder, T. A.; Church, S. P.; Weilz, E. J. Am. Chem.
Soc. 1986, 108, 4721.
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entation theories show that ligand exchange does not occur for
every ion—neutral collision, e.g., 70% and 80% for Cr,(CO),* and
Cry(CO),*, respectively. Thus, the reaction efficiency may result
from a strong orientation dependence on the reaction. But the
reaction efficiency may also be due to a preference for loss of the
incoming *CO ligand upon dissociation of the collision complex,
e.g. [Cry(CO),*3COJ* — Cry(CO),* + PCO. That is, at early
stages in the reaction the ligands are nonfluxional and the ligand
identity is preserved.

Issues related to ligand fluxionality were examined in separate
experiments. Kerley and Russell examined the extent of 3CO
retention by Fe (CO),* formed by reaction of Fe('3CO), with
Fe(CO)s*.¥ The results of these studies suggest that geometric
relaxation of the [('3CO)Fe*-Fe(CO);] collision complex occurs
by rearrangement within the initial neutral moiety. That is, the
extent of label retention in the Fe,(CO),* and Fe,(CO)s* product
ions is low, less than a few percent, which suggests preferential
elimination of 3CO from the collision complex. There may,
however, be fundamental differences in the dynamics of addition
of L to M,(CO),* and addition of ('*CO)Fe* to Fe(CO)s. For
example, the initial interaction between (13 CO)Fe* and Fe(CO)s
occurs via the Fe* and the CO ligands of Fe(CO);, whereas, the
initial interaction between L and M,(CO),* probably involves
addition of L to the metal center.

Beauchamp recently suggested that variations in the rates for
ligand-exchange reactions of mono-metal ionic species arise due
to the spin-forbidden nature of the ligand addition reaction.!* We
interpreted data from photodissociation reactions in mono-metal
jonic species in a similar fashion;? however, we have not observed
such effects for metal dimer or trimer ions. Presumably, the metal
dimer and trimer ions promote spin—orbit coupling through a heavy
atom effect; this interpretation is consistent with the photochem-
istry of Fe(CO),X* species, X = I, Br, CL® Fe(CO),* (y = 1-3,
5) ions do not photodissociate between 514.5 and 458 nm, pre-
sumably because Fe(CO),* — Fe(CO),.,* is spin-forbidden, but
the Fe(CO),X* ions readily photodissociate to Fe(CO),,X* and
Fe(CO), . X*.

In our original work on the formation of ionic cluster fragments
by ion-molecule reactions, we explained the clustering sequence
in term of the addition of a 14-electron metal carbony! fragment
(L") to M,(CO),* to form [M(CO),*---L’]* which subsequently
rearranges to a stable M,.;(CO),* ion.!?® The transformation
[M(CO),*---L1* to M,4,(CO),* corresponds to a complete
reorganization of the electronic structure, or, in terms of Lauher's
model of the cluster bonding, a complete restructuring of the
cluster valence molecular orbital (CVMO).#® An important factor
which emerges from this model is that the reactivity (as measured
by the disappearance of the reactant ion or the appearance of the
ion—molecule product ion) of the ionic cluster fragment will be
strongly dependent upon the (relative) strength of the interaction
between the reacting ion and the neutral. For example, if the
interaction between the reacting ion and the neutral is weak,
relative to the metal-metal and metal-ligand binding energy of
the reacting species, the collision complex will simply dissociate
to re-form the reactants. However, a strong interaction between
the ionic and neutral reactants will lead to displacement of ligands
of the ionic or neutral reactants and formation of a new product
ion.
Formation of an associative ligand-exchange collision complex
can be viewed in a similar manner. That is, L (CO, O,, etc.) reacts
with M (CO),* to form [M(CO),*---L]*, and CO ligands are
expelled to form M,(CO),_,L*. If formation of M,(CO), ,L*
is strongly exothermic, several CO ligands may be displaced from
[M(CO),*---L]* upon addition of L. Because the exothermicity
of the reaction may be due to geometric relaxation or rear-
rangement of the [M,(CO),*---L]* collision complex as well as
differences in the bond energies of the in-coming and out-going
ligands, bracketing of ligand bond energies is not a straightforward

(27) Kerley, E. L. Ph.D. Disseriation, Texas A&M Universily, 1989. (b)
Kertey, E. L.: Russell, D. H. J. Am. Chem. Soc., following paper in 1his issue.

(28) Bricker, D. L.; Russell, D. H. Unpublished resulis.

(29) Lauher, J. W. J. Am. Chem. Soc. 1978, 100, 5305.
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Figure 5. Plot of the M*/M,* branching ratio from collision-induced
dissociation reactions versus 1the number of CO ligands (y) of the Cry-
(CO),* (v = 4-7) ionic cluster fragment,

problem. For example, such rearrangements are suggested when
competitive reaction channels are involved; e.g., CH;OH reacts
with Crz(C0)4+ to yield Crz(C0)3(CH30H)+ and Crz(co)z'
(CH;0H)*. Clearly, there must be relaxation channels available
to the collision complex in addition to simple ligand expulsion.

The occurrence of metal-metal cleavage ion—molecule reactions
follows a general trend which can be explained in terms of
metal-metal and metal-ligand bond energies. For example, the
fraction of ions which react by Cr-Cr cleavage increases with
decreasing electron deficiencies, (e.g., Cr,(CO)¢* > Cry(CO)s*
> Cry(CO)*). Also, Cr—Cr cleavage product ions follow the
general trend, NH; > C;Hg ~ CH,0H ~ C¢Hg > O,). Although
accurate metal-ligand bond energies for Cr,*- - -L species (L =
CO, 0,, CH;0H, etc.) are not known, preliminary studies®
suggest that Cr,*---L bond energies roughly parallel those reported
for mono-metal ions.>! That is, the metal-ligand bond energies
for the ligands examined approximate the trend observed for
metal-metal bond cleavage reactions of the Cr,(CO),* ions;
D°(Cr2+---L) values are NH3 > C4H6 ~ C6H6 > CH;OH > 02
> CO. On the basis of the observed reactivity, for example,
Cry(CO),* undergoes metal-metal bond cleavage only with NH;,
whereas, Cry(CO)s* undergoes metal-metal bond cleavage with
ligands having bonds energies greater than that of O,. On the
basis of preliminary estimates of metal-ligand bond energies,>?
we estimate that the metal-metal bond of Cro(CO),* is ca. 12-15
kcal/mol stronger than that for Cr,y(CO)s*.

Questions concerning the metal-metal bond of the Cr, dimer
are of importance to the general area of metal clusters and cluster
chemistry. Smalley et. al. reported a Cr—Cr bond length of 1.68
A.33 Such a short bond length is consistent with the view that
Cr; involves a sextuple bond. Although chromium carbonyl species
do not generally bond together to form clusters, the stability of
small Cr,(CO),* ionic species suggests that such species are not
intrinsically unstable. In fact, collision-induced dissociation of
Cr,(CO),* ions suggest that the Cr-Cr bond in dimers, trimers,
and tetramers is quite substantial. For example, collisionally
activated Cr,(CO),* ions favor dissociation by loss of CO over
cleavage of the Cr—Cr bond, and the collision-induced dissociation
spectra can be used to estimate the relative Cr---Cr bond strengths
for the ions. The branching ratios for formation of M* and M,*
product ions from collisionally activated Cr,(CO),* ions should
be sensitive to the metal-metal bond energy. Figure 5 contains
a plot of the ratio of M*/M,* versus the number of CO ligands
contained in the Cry(CO),* ionic cluster fragment. Note that
for y = 4 the M*/M,* ratio is 0.25; whereas for y = 6 the

(30) Russell, D. H. Unpublished resulis.

(31) Kappes, M. M.; Jones, R. W.; Sialey, R. H. J. Am. Chem. Soc. 1982,
104, 888. (b) Uppal, J. S.; Staley, R. H. J. Am. Chem. Soc. 1982, 104, 1238,
(¢) Kappes, M. M; Sialey, R. H. J. Am. Chem. Soc. 1982, 104, 1813. (d)
Jones, R. W.; Staley, R. H. J. Phys. Chem. 1982, 86, 1387. (e) Jones, R. W;
Staley, R. H. J. Am. Chem. Soc. 1982, 104, 2296.

(32) Russell, D. H. Unpublished resuls.

(33) Michalopoulos, D. L.; Geusic, M. E.; Hansen, S. G.; Powers, D. E.;
Smaliey, R. E. J. Phys. Chem. 1982, 86, 3914.
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M*/M,* ratiois 3.7. The collision-induced dissociation data are
interpreted as evidence that the Cr—Cr bond strength is directly
influenced by the M/L ratio. That is, the metal-metal bond
strength follows the order Cr,(CO)¢* < Cry(CO)s* < Cry(CO),*.
The CID data have also been obtained for the Cr;(CO)y+ =
6, 7) ionic cluster fragments and the M*/M;* ratiois 1 /12 for
y=6and 1/10 for y = 7; whereas the M,*/M;* ratio is 1/6 for
y=6and |/5 for y = 7, suggesting a very strong metal-metal
interaction for the chromium trimer center. The general utility
of the collision-induced dissociation experiment for probing the
metal-metal bond order is now being examined on larger Cr-
containing clusters as well as clusters containing Fe, Co, and Ni.

Conclusions

The reactivities of Cr,(CO),* (y = 4, 5, 6) with small neutral
molecules do not parallel that observed for reactions with Cr(CO)s.
That is, reaction rates for Crz(CO)y+ ions with Cr(CO) differ
considerably and the reactivity can be explained by an electron
deficiency argument, but the variations in reaction rate for the
Crz(CO)y+ ions with the small neutral molecules are rather small,
e.g., 10-40%. In each case the ion—molecule reaction efficiency
(determined by comparing theoretical collision frequency with
the experimental reaction rate) is quite high and approaches unity.

The CO ligands of Cr,(CO),* and Cr,(CO)s* are quite labile
and readily undergo thermoneutral ligand exchange with 3CO,
whereas the CO ligands of Cry(CO)¢* are nonlabile and do not

undergo exchange reactions with >’CO. Ligand-exchange reactions
of Cry(CO)¢* with other ligands (e.g., CH;OH and NH,) further
illustrate the nonlability of this system. For example, both CH;OH
and NH; react to displace one CO ligand to form Cr,(CO)L*
(L = CH;0H or NH;), but this ion does not react further by
ligand exchange.

A very interésting aspect of the observed ion—molecule reactions
of the Cr,(CO),* ions is the variation in the ratio of cleavage of
the Cr---CO bond versus Cr---Cr bond upon addition of neutral
ligand as the metal-to-ligand ratio decreases. The strong pref-
erence for metal-metal bond cleavage for Cro(CO)q* suggests that
the Cr---Cr bond in this ion is relatively labile. In addition, similar
conclusions can be made on the basis of the abundance of Cr,*
(relative to Cr*) in the collision-induced dissociation spectrum
of Cry(CO),* (y = 4-7) ions. That is, the ratio Cr*/Cr,* varies
from 0.25 for y = 4 to 3.7 for y = 6. It is surprising, therefore,
that the Cr*/Cr,* ratio for Cr,(CO),* is also low, e.g., 1.75,
suggesting that the metal-metal bond orders for Cr,(CO),* and
Cry(CO)¢* are quite different. Qur current objectives in this area
are to obtain accurate metal-metal and metal-ligand bond energies
for the Cry(CO),* (¥ = 4-7) ionic cluster fragments.
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Abstract: The clustering gas-phase reactions of Fe(!3CO)* with Fe(CO);s to form Fe, (13CO)(CO),* (x = 1-3;r =0, I; s
= 4-8) are studied by Fourier transform ion cyclotron resonance mass spectrometry. It was found that the binary cluster
cations formed by these reactions have a strong tendency to lose the 3CO ligand during cluster formation. Label preference
ratios varied only slightly from 0.56 £ 0.06 t0 0.7 £ 0.1 indicating a clear preference for loss of the labeled carbonyl ligand.
This preferential loss is indicative of the nonfluxional nature of these systems. Nonfluxionality in the cationic iron carbonyl
clusters results from a decrease in back-bonding to the 27 orbital of the carbonyl ligands.

Introduction

Ligand fluxionality is commonly observed for coordinatively
and electronically saturated iron carbonyl compounds.! For
example, Fey(CO),, exists in solution as a continuum of structures
ranging from the symmetrically bridged C,, to the nonbridged
Dy, structure. The activation energy for going from one structure
to the other is estimated at <5 kcal mol™!, giving rise to the
observation of only a single 13C NMR resonance at —150 °C.?
The concept of ligand fluxionality has been successfully employed
for prediction of structures of binary carbonyl clusters.>* In this
procedure. carbonyl ligands are assumed to be equivalent such
that the repulsions between ligands ultimately determine their
arrangement around a bare metal cluster. The solid-state C,,

(1) Conton, F. A. Prog. Inorg. Chem. 1976, 21, 1-28.

(2) Conlon, F. A,; Hunter, D. L. Inorg. Chim. Acta 1974, 11, L9-110.

(3) Benfield, R. E.; Johnson, B. F. G. J. Chem. Soc., Dalton Trans. 1978,
1554-1568.

(4) Benfield, R. E.; Johnson. B. F. G. J. Chem. Soc., Dalton Trans. 1980,
1743-1767.
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structure of Fe;(CO);, can be rationalized by this method if one
considers the 12 carbonyl ligands to form an icosahedron with
an Fej triangle placed inside. Further, the D;), structure of the
isovalent Ru3(CO);, and Os3(CO);, species can be explained by
realizing that the interstice of the icosahedral carbonyl ar-
rangement cannot support these larger homologues, causing the
icosahedron to expand to an anticuboctahedron.

The amphoteric nature of the carbonyl ligand gives rise to the
fluxional behavior observed for iron carbonyl compounds. Ligands
with occupied ¢ orbitals and unoccupied = orbitals can act as both
Lewis bases (¢ donors) and Lewis acids (= acids). A number of
transition metal atoms (especially those in groups 6~-8) display
a complementary amphoterism. The d orbitals of iron lie inter-
mediate in energy between the 5o and the 27 orbitals of CO,
maximizing overlap for both the s-donating and w-back-bonding
bonding modes. If the sum of the o- and m-bonding components
remains constant as a carbonyl ligand moves from terminal to
bridging for a given cluster nucleus, then CO fluxionality should
occur. As the coordinative saturation or electronic charge
(electronic saturation) of a cluster is changed, the tendency for

© 1990 American Chemical Society



