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C25-C26 (119 (2) and 143 (2)°, respectively) are also
comparable with those in ref 3 (124.0-135.8°). The dihe-
dral angles between the planes defined by the three-carbon
skeleton of the #3-allyl groups and the plane defined by
the metal atom and the two terminal carbon atoms of the
ni-allyl groups are 112 (2)° and 117 (3)°. The high values
of the temperature factors of these carbon atoms in the
allyl groups mean they are somewhat disordered.

The geometry about the two Mg ions is distorted octa-
hedral with two lengths (2.455 (3) and 2.505 (4) A) to the
bridging atoms Cl1 (or C12) and Cl5, two average lengths
(2.596 (3) A) to the two capping atoms, and two average
distances (2.236 (7) A) to the two nitrogen atoms of the
tmed molecules. The distances from Mgl and Mg?2 to the
bridging chloride atoms Cl11, C12, and Cl15 (2.452 (3), 2.458
(4), and 2.505 (4) A, respectively) and to the two capping
atoms CI3 and Cl4 2.601 (3) and 2.589 (3) A, respectively)
are comparable to those in [C,H;Mg,Cly(THF),],""
(2.47-2.51 and 2.50~2.79 A, respectively). In addition, the
chelating rings Mg-N-C-C-N formed by the tmed mole-
cule and Mg?* bring additional stability to the compound.
As shown by their disordered arrangements, these ethylene
groups are not rigid. Like some solvent molecules in the

(17) Toney, J.; Stucky, G. D. J. Organomet. Chem. 1971, 28, 5.

lanthanide compounds,'® they may statistically exist as two
conformers.

The appearance of the molecule is quite similar to those
of other trinuclear cluster compounds.’*2! The trianglar
conformation of the complex, with full bridging and cap-
ping ligands coordinating to the metal atoms, seems to be
one of the most favorable schemes in electrostatics.

Further studies of these complexes are ongoing.
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The gas-phase reactivities of eight Cr(r%-arene)(CQ); complexes (arene = toluene, mesitylene, PhCOOMe,
PhCOMe, PhCOEt, PhCO-n-Pr, PhCO-t-Bu, PhCH,COMe) have been studied by FTMS techniques.
Self-condensation processes occur that follow different reaction pathways when the coordinated arene is
a hydrocarbon or a phenyl ketone. PhACOOMe and PhCH,COMe show an intermediate behavior. Reactions
with free arenes or propene give substitution of the carbonyl groups, yielding Cr(arene)(arene’)* and
Cr(arene)(propene)®, respectively. The extent to which displacement takes place depends on the nature
of the original coordinated arene and is higher when it contains a CO group. With suitable free arenes
as reagent gases, arene displacement is also observed, producing Cr(arene’),*. The formation of the
disubstituted ions depends, once again, on the nature of the coordinated arene as well as on the relative
bond energy of Cr*-arene’ with respect to Cr*-arene. CID experiments have been performed in order
to obtain a sequence of relative binding energies of the arenes to Cr*. The results are consistent with the

electronic and steric properties of the arene ligands, which affect the Cr*—arene bond strength.

Introduction

In the last decade, an increasing number of studies have
been reported on gas-phase ion-molecule reactions in-
volving transition-metal complexes and the reactivity of
atomic and coordinated metal ions.!> The rapid growth
in this area can be attributed to the development of new
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experimental methodologies involving techniques such as
ion beam,!? flowing afterglow,? ion cyclotron resonance
(ICR),* and Fourier transform mass spectrometry
(FTMS).5 This research has mainly focused on atomic
metal cations produced by laser desorption, surface ioni-

(1) Armentrout, P. B. In Gas Phase Inorganic Chemistry; Modern
Inorganic Chemistry; Russell, D. H., Ed.; Plenum: New York, 1989; p 1.

(2) Armentrout, P. B,; Beauchamp, J. L. Acc. Chem. Res. 1989, 22, 315.

(3) Squires, R. R. Chem. Rev. 1987, 87, 623.

(4) Allison, J. Prog. Inorg. Chem. 1986, 34, 627 and references therein.

(5) Buckner, S. W,; Freiser, B. S. Polyhedron 1988, 7, 1583.
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zation, collision-induced dissociation of selected precursors,
and electron impact ionization of volatile inorganic com-
pounds such as metal carbonyls. Recently, the formation
and reactivity of bare metal cluster ions in the gas phase
has also been receiving a great deal of attention.® Gen-
erally, the neutral reactant species have been small organic
molecules, with a primary interest being to study C-H and
C-C activation.

In this paper we report an investigation of the gas-phase
behavior of some Cr(n%-arene)(CO); complexes and in
particular discuss (a) their self-condensation reactions to
form ionic clusters, (b) their reactivity in the presence of
free arenes and propene, and (c¢) the relative binding en-
ergies of some arenes to Cr*. (Arene)chromium tricarbonyl
complexes have been known as selective hydrogenation
catalysts in solution since 1968. Recent papers on the
mechanism of arene exchange processes® have renewed the
interest in the study of this class of complexes, particularly
on account of the importance that formation and dis-
placement of transition-metal = bonds display in catalysis.
Extensive studies on the gaseous chemistry of Cr*, Cr~, and
chromium-containing cations and anions have already been
reported.® 12 Preliminary research on the Cr(n%-arene)-
(CO)4 complexes by conventional positive chemical ioni-
zation mass spectrometry (CIMS) with benzene, toluene,
and propene has shown extensive substitution of the three
carbonyl groups by the reagent molecules.’® For a better
understanding of these systems, we have studied the
mechanism both of self-condensation reactions and of
reactions with free arenes by FTMS techniques. The ex-
tent to which secondary reactions take place has been
shown to depend upon the nature of the coordinated arene,
and this effect will be discussed. The relative stabilities
of Cr*-arene ions are obtained by collision-induced dis-
sociation of the (arene)Cr(arene’)* ions. When possible,
a cross-check of the results is provided by forming the
(arene)Cr(arene’)* ions from different precursors: Cr*,

Cr(n®-arene)(CO),, or Cr(n®-arene’)(CO)s.

Experimental Section

The theory, instrumentation, and methodology of Fourier
transform mass spectrometry (FTMS) have been discussed
elsewhere.!* The experiments on the Cr(»n®-arene)(CO); com-
pounds were performed on a Nicolet FTMS-2000 Fourier
transform mass spectrometer previously described in detail.’® The
instrument is equipped with a differentially pumped dual analysis
cell, which is situated in the bore of a superconducting magnet

(6) (a) Alford, J. M.; Williams, P. E.; Trevor, D. J.; Smalley, R. E. Int.
J. Mass Spectrom. Ion Processes 1986, 74, 1. (b) Jacobson, D. B.; Freiser,
B. S. J. Am. Chem. Soc. 1986, 108, 27. (c) Buckner, S. W.; Gord, J. R.;
Freiser, B. S. J. Chem. Phys. 1988, 88, 3678.

(7) Silverthorn, W. E. Adv. Inorg. Chem. 1975, 13, 48.

(8) (a) Traylor, T. G.; Stewart, K. J.; Goldberg, M. J. J. Am. Chem.
Soc. 1984, 106, 4445. (b) Traylor, T. G.; Stewart, K. J. J. Am. Chem. Soc.
1986, 108, 6977. (c) Traylor, T. G.; Goldberg, M. J. Organometallics 1987,
6,2413. (d) Traylor, T. G.; Goldberg, M. J. J. Am. Chem. Soc. 1987, 109,
3968.

(9) Schilling, J. B.; Beauchamp, J. L. Organometallics 1988, 7, 194.

(10) Sallans, L.; Lane, K. R.; Squires, R. R.; Freiser, B. S. J. Am.
Chem. Soc. 1985, 107, 4379.
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(13) Cetini, G.; Gambino, O.; Michelin Lausarot, P.; Operti, L.; Vaglio,
G. A.; Valle, M.; Volpe, P. Inorg. Chim. Acta 1985, 104, 69.

(14) (a) Comisarow, M. B. Adv. Mass Spectrom. 1980, 8, 1698, (b)
Gross, M. L.; Rempel, D. L. Science 1984, 226, 261. (c) Marshall, A. G.
Acc. Chem. Res. 1985, 18, 316. (d) Freiser, B. S. Talanta 1985, 32, 697.
(e) Laude, D. A,, Jr.; Johlman, C. L.; Brown, R. S.; Weil, D. A.; Wilkins,
C. L. Mass Spectrom. Rev. 1986, 5, 107. (f) Freiser, B. S. In Techniques
for the Study of Gas-Phase Ion-Molecule Reactions; Saunders, W, H.,
Farrar, J. M., Eds.; Wiley: New York, 1988. (g) Freiser, B. S. Chemtracts:
Anal. Phys. Chem. 1989, 1, 65.
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Table I. Percentage of Ion Abundances in 30-eV FTMS
Electron Impact Mass Spectra of CrL(CO); Complexes

ion

L M* (M-CO)* (M-2C0)* (M-3CO)* Crt
toluene 16.2 2.6 3.5 18.1 59.6
mesitylene 22.2 1.3 3.7 23.4 49.4
PhCOOMe 11.6 2.0 3.6 19.6 63.3
PhCOMe 12.9 3.1 6.0 16.5 60.9
PhCOEt 8.9 2.8 4.5 25.8 58.0
PhCQO-n-Pr 7.4 2.7 5.2 29.1 55.6
PhCO-t-Bu 6.1 2.5 5.4 29.3 56.7
PhCH,COMe 7.3 14.8 13.5 21.9 42.5

maintained at 3 T. The two 4.8-cm cubic cells share one common
side, which consists of a solid plate with a 2 mm diameter orifice.
For this study, however, the system was operated as a single-cell
instrument with all of the experiments performed in the “source”
cell.

The Cr(n®-arene)(CO); complexes were prepared as described
in the literature.” They were introduced into the ion source
through a direct-insertion probe heated at the minimum tem-
perature necessary to obtain reproducible mass spectra, typically
in the range of 20-80 °C, to a pressure of about 2 X 1077 Torr.
Reagent compounds for chemical ionization (CI) experiments were
obtained commercially in high purity and were used as supplied.
Noncondensable gases were removed from liquids by multiple
freeze—~pump-thaw cycles. The reagents were admitted to the
cell through a modified inlet system with a Varian leak valve to
a pressure of about 1 X 10 Torr. A Bayard-Alpert ionization
gauge was used to measure static pressure without further cali-
bration. Ions were generated by electron impact ionization at
30-eV electron energy, with use of a 5-ms electron beam pulse
and a 0.5-1-uA emission current.

In CI experiments, sample ions are expected to be formed only
by ion-molecule reactions with the reagent gas ions.'® In con-
ventional mass spectrometers, this condition is achieved with a
relative partial pressure of sample/reagent gas on the order of
1/10000 at a total pressure of about 0.5 Torr. In contrast, in the
FTMS instrument the sample/reagent gas ratio is about 1/100
at a total gas pressure of about (1-2) X 10 Torr. CI experiments
were performed in the FTMS instrument by first isolating the
reagent gas ions with use of double resonance pulses!” and then
allowing them to react with the sample molecules. Argon was
used as the collision gas for collision-induced dissociation (CID)
experiments at a total pressure of about 5 X 107 Torr. Details
of the CID experiment have been previously reported.!® Under
CI conditions, primary ions were permitted to undergo ther-
malizing collisions for 100 ms with the neutral molecules present
in the cell at approximately 10® Torr. However, the presence
of a sgmall population of excited ions cannot be completely ruled
out.!

Experiments on Cr* ions were performed on a Nicolet prototype
FTMS-1000 Fourier transform mass spectrometer previously
described in detail.®® The instrument is equipped with a 5.2-cm
cubic trapping cell situated between the poles of a Varian 15-in.
electromagnet maintained at 0.9 T. The cell, constructed at
Purdue, utilizes two 80% transmittance stainless steel screens
as the transmitter plates. Cr* was generated by focusing the beam
of a Quanta Ray Nd:YAG laser (1064 nm) into the center-drilled
hole (1 mm) of a chromium rod supported on the transmitter
screen nearest to the laser.

Conventional electron impact mass spectra of the Cr(n5-ar-
ene)(CO); complexes were obtained on a Kratos double-focusing
MS 80 mass spectrometer. Samples were introduced into the
source through a direct-insertion probe maintained at room
temperature for the most volatile compounds or heated up to 50
°C for the least volatile ones, to a pressure of about 5 X 10 Torr.

(16) Richter, W. J.; Schwarz, H. Angew. Chem., Int. Ed. Engl. 1978,
17, 424,

(17) Comisarow, M. B.; Parisod, G.; Grassi, V. Chem. Phys. Lett. 1978,
57, 413.

(18) (a) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1983, 105,
736. (b) Jacobson, D. B.; Freiger, B. S. J. Am. Chem. Soc. 1983, 105, 7848,
(19) Kang, H.; Beauchamp, J. L. J. Phys. Chem. 1985, 89, 3364.

(20) Cody, R. B.; Burnier, R. C.; Freiser, B. S. Anal. Chem. 1982, 54,
96.
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Table II. Percentage of Ion Abundances in 30-eV Electron Impact Mass Spectra of CrL(CO); Complexes with a Magnetic
Sector Mass Spectrometer

ion
L M+ M-CO)* (M -2CO)* (M -3CO) L* PhCO* PhCH,* Ph* Cr*
mesitylene 9.9 0.5 8.7 35.3 9.5 10.6° 27.5
PhCOOMe 8.9 0.5 2.9 29.2 3.7 12.9 8.8 33.1
PhCOMe 10.0 0.3 5.0 27.8 9.0 17.3 8.3 22.3
PhCOEt 8.1 0.2 4.4 30.0 6.2 19.5 8.8 23.0
PhCO-t-Bu 6.2 0.6 5.0 38.8 2.3 15.9 3.9 27.2
PhCH,COMe 4.2 1.0 1.7 21.3 19.5 31.9 20.4
3 CgH3(CHy),*.
Scheme 1
+M,-CO +M, -2C0 +M,-L
———————>CryL(C0) ¥ ———————> Cr;3L, (€0) 3 ——————>cCr L, (o) ¢* (A)
All 1-4,8 1-3,8
crt—
+M,-2C0 +M,-2C0 +M,-L +M
> CryL(C0) ' —————> Cr4L;y (CO) gt ————>CryL; (€0) g +——>CrsL3 (€0) g+ (B)
3-8 3-3 4-7 4-7
Scheme II
+M,-CO
——————>CryL,(C0) 5% ()
All
crLt—
+M,-3C0 +M,-(1-m)L +M, - (m+1-x) L
> cryL,t > Cr3Ly (CO) p* CryLy (€O) y* (B)
3-8 -(3-n)co -(n+3-y)Co
6-8 m=2,3 6-8 x=2-4
n=2,3 y=2,5,6
Ionizing electrons were generated by a rhenium filament at 30 100 \ T w
eV. The trap current was 100 uA.
'Results ' K O80§ o Cr,(L),(CO)
The FTMS electron impact mass spectra of the eight o ]
CrL(CO); complexes (L = n8-arene; arene = toluene (1), = Cr(L)(CO)."
mesitylene (2), methyl benzoate (3), acetophenone (4), £ 601 2 2 ]
phenyl ethyl ketone (5), phenyl n-propy! ketone (6), phenyl <
tert-butyl ketone (7), benzyl methyl ketone (8)) are re- ~ w0 i
ported in Table I. They show a series of chromium-con- 2 ] .
taining ions, formed by sequential losses of the three *g Cr,(L),(CO),
carbonyl groups and of the arene ligand, whose relative T 4 i
abundances depend on the nature of the coordinated arene. =
However, all of the complexes, except Cr(n®- ﬁ I
PhCH,COMe)(CO),, display a similar trend in which the 0+ [ . : B —
abundance of ions decreases in the order: Cr* (base peak), 0.0 01 0.2 0.3 0.4 0.5 0.6
(M - 3CO)*, M*, (M - 2CO)*, and (M - CO)*. When L Time (s)

is benzyl methyl ketone, however, (M — CO)* and (M -
2C0O)* show an abundance higher than that of M*. As
discussed below, we believe this suggests a possible rear-
rangement of the ketonic CO of the ligand in the coordi-
nation sphere of the chromium cation. For comparison,
the electron impact mass spectra of some CrL(CO); com-
plexes obtained in a conventional mass spectrometer using
ionizing electrons at 30 eV are reported in Table II. The
main difference observed is the presence of organic ions
in the conventional mass spectra. The reasons for this
difference are discussed below.

In the FTMS experiments, applying a suitable delay
time following the ionization event allowed the primary
ions to react with their neutral precursors, leading to the
formation of several cluster ions. Reaction sequences were
determined by isolating one ion at a time, which was

Figure 1. Variation of ion abundances with time of the self-
condensation products of Cr* with Cr(sf-mesitylene)(CO),, where
L = mesitylene.

readily accomplished with use of double-resonance ejection
methods,'” and monitoring its subsequent reactions. When
an ion was too low in abundance to be isolated, it was
continuously ejected and its affect on the appearance of
the secondary ions was determined. As an example, Figure
1 shows the variation of ion abundances of Cr* reacting
with its neutral precursor Cr(n®-mesitylene)(CO);. The
largest cluster ion observed in the sequence was Cr,-
{mesitylene),(CO)q*. The charge-exchange product, Cr-
(mesitylene)(CO),*, was continuously ejected during the
whole experiment. The condensation reaction sequences
for all of the complexes with Cr* and CrL* are summarized
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Scheme 111
+M, ~CO
crrn(coyt
All
+M,~-L
————>CryL, (C0) 3+ criLy (co) gt
3,7,8
+M, ~2C0
crL(co),*
All
Scheme IV
-2C0O +Benzene, -CO
——————>CrL(co)* > CrL(Benzene)*
+M,-CO
+M
v
(Benzene)* + CrL(c0)4—————————>cCrL(co);* CryLy (€0) 5+
A
+M
+M,-2CO
-Co
L scrL(co),*
Table III. Relative Percentage® of Self-Condensation 100g " T i T
Products of Cr(n®-PhCOR)(CO), Complexss Formed
through Path B in Sch I +
ugh Pathway ?n cheme S Cr(L)(CO) )
condensation products ¥ cr(L)(Benzen e)’
R Cr,L(CO)* Cr;L,(CO),*  CrLy(CO)s* Cr,L,*d >
Me 37 86 100 29 g 60
Et 49 100 100 38 )
n-Pr 63 100 100 52 =
t-Bu 98 100 100 86 40
° i
9(B/(A + B)) x 100. °Total pressure about 2 X 1077 Torr. E
¢Reaction times are chosen corresponding to the highest concen- o
tration of the products of each condensation step. ¢Formed é 20+
through pathway B in Scheme II.5¢

in Schemes I and II, respectively. Cr* and CrL*, which
are the two fragments exhibiting the highest degree of
coordinative unsaturation, each show two different and
competitive reaction pathways, A and B. These pathways
differ mainly in the first condensation step, in which one
(A) or more (B) carbonyl groups are displaced. When L
is a hydrocarbon, the complexes react by pathway A ex-
clusively, but they react by both pathways when L is a
ketone or an ester. Table III reports the abundances of
products arising from self-condensation via pathway B for
the complexes containing a phenyl ketone, PhCOR, ligand.
It is evident that, as the size of the alkyl group R increases,
there is a corresponding increase in the yield of pathway
B. Moreover, as the condensation reactions proceed to
form clusters containing three and four chromium atoms,
an enhanced selectivity for pathway B is observed, even-
tually accounting for 100% of the condensation products.
When L is PhiCOOMe or PhCH,COMe, an intermediate
behavior is observed, yielding products via both pathways
A and B in the first self-condensation steps, but forming
only CrL;(CO)¢* as the highest mass ion. Scheme III
reports the condensation reaction sequences of both CrL-
(CO)* and CrL(CO),*, which lead to the same condensa-
tion product. The molecular ion, CrL(CO)s*, is always
unreactive and is continuously formed from its fragment
ions by charge-exchange reactions. Charge exchange from
fragment ions to the neutral precursor Cr(PhCOOMe)-
(CO), yields an abundant Cr(PhCO)(CO);* ion.
Scheme IV shows the reaction sequence of the benzene
molecular ion with the neutral complexes. The three
primary products M*, (M - CO)*, and (M - 2CO)* are

02
Time (s)

Figure 2. Variation of ion abundances with time of the products
of reaction of Cr(L){CO)* (L = mesitylene) in the presence of its
neutral precursor Cr(s°-mesitylene)(CO); and benzene.

1005 . . .
N

Relative Intensity (%)

T
0.3

o
0.2

Time (s)
Figure 3. Variation of ion abundances with time of the products

of the reaction of Cr(L)(CO),* (L = mesitylene) in the presence
of its neutral precursor Cr(%-mesitylene)(CO); and benzene.

formed by charge-exchange processes, while (M - 3CO)*
and Cr* are not observed. Figures 2 and 3 show the be-
havior of Cr(mesitylene)(CO)* and Cr(mesitylene)(CO),*,
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(Arene)* + CrL(CO);—

-co
——>CrL(co) ,*

+M

N
———>CrL(co) ;%

A
+M

Table IV. FTMS Chemical Ionization Mass Spectra of
CrL(CO); Complexes with Benzene (B)**

ion, %

L M+t (M-CO)* (M-2C0)* (M-3CO + B)*
toluene 100.0 34.2 1.9 43.2
mesitylene 100.0 27.4 10.5 64.8
PhCOOMe 37.4 1.8 4.6 100.0
PhCOMe 25.6 44 5.8 100.0
PhCOEt 49.3 24 9.5 100.0
PhCQ-n-Pr 12.2 1.1 3.4 100.0
PhCO-t-Bu 28.4 100.0
PhCH,COMe 16.0 43.8 0.7 100.0

9 Total pressure about 1 X 10~ Torr. ®Reaction time 0.5 s.

Table V. FTMS Chemical Ionization Mass Spectra of CrL(CO),
Complexes with Propene (P)%?

ion, %
M - (M - M - (M -3CO
L M* Coy* 2C0)* 3Ccoyt + P)*
mesitylene 100.0 6.5 1.1 4.4 3.5
PhCO-t-Bu 100.0 2.9 7.1 11.3 34.7
PhCH,COMe 46.3 100.0 2.5 9.3 12.8

3Total pressure about 1 X 107 Torr. ®Reaction time 0.1 s.

respectively, when they are isolated and permitted to react
for 0.5 s with benzene and their neutral precursor. Both
ions react by self-condensation and charge-exchange pro-
cesses, leading to Cry(mesitylene)o(CO);t and M*, re-
spectively. Moreover, Cr(mesitylene)(CO)* also reacts with
neutral benzene by CO displacement to give Cr(mesityl-
ene)(benzene)*. As in the EI experiments, M* is unreac-
tive. Similar behavior is observed for all of the CrL(CO),
complexes examined, with the only differences being the
relative abundances of the ions. The FTMS chemical
ionization mass spectra obtained by permitting the ben-

——>CrL(co0) t———————>CcrL(Arene) ¥——————>Cr(Arene) ;*

+M, -CO
cr,L, (C0) 3t
2L2(C0) 3

+M, -2€CO

zene cation to react for 0.5 s in the presence of the com-
plexes and benzene at a total pressure of about 1 X 1078
Torr are reported in Table IV. The cluster ions that do
not involve reaction with benzene are not shown. In ac-
cordance with spectra obtained by conventional CIMS
methods,'® when L is a hydrocarbon, the base peak is the
molecular ion, M*, and condensation with a benzene
molecule occurs to an intermediate extent, while (M — 3CO
+ benzene)™ is the base peak when the coordinated ligand
contains a carbonyl group.

Table V shows the FT'MS chemical ionization mass
spectra of some Cr(n%-arene)(CO); compounds with prop-
ene at 1 X 107 Torr as the reagent gas. Ions in which a
propene molecule has substituted three carbonyl groups
are less abundant than in the corresponding benzene CI
spectra, as is expected due to the lower binding energy of
propene versus that of benzene. It is noteworthy that (M
- CO)* is more abundant than M* when L. = PhCH,COMe
even under chemical ionization conditions, despite the fact
that benzene and propene CI are softer forms of ionization
than EI and should give molecular ions with lower internal
energies and greater stability with respect to electron im-
pact ionization, 1

The FTMS chemical ionization mass spectra of Cr-
(n8-toluene)(CO); and Cr(#5-PhCOOMe)(CO); with some
free arenes as reagent gases (benzene, mesitylene, anisole,
and benzaldehyde) are reported in Tables VI and VII,
respectively. When the reagent gas is other than benzene,
Cr(A),* ions are also observed in which a second arene
molecule, A, has substituted the coordinated ligand, L,
(Scheme V). The mass spectra recorded at 0.1- and 0.5-s
reaction times generally show a decreasing relative abun-
dance of Cr(L)(A)* and a corresponding increasing abun-
dance of Cr(A)," ions, as expected.

Table VI. FTMS Chemical Ionization Mass Spectra of the Cr(n®-toluene)(CO); Complex with Arenes (A)®

ion, %
M+ (M~ CO)* (M -2CO)* (M -3CO + A)* (M-3CO-L+2A)*
arene 0.1s 05s 0.1s 0.5s 0.1s 05s 0.1ls 05s 01s 0.5s
benzene 100.0 100.0 75.9 34.2 16.0 1.9 31.2 43.2
mesitylene 100.0 100.0 54 12.7 5.9 3.2 3.4 6.4
PhOMe 100.0 100.0 3.0 2.3 10.9 8.4 3.3 46
PhCHO 100.0 100.0 3.6 4.9 12.0 5.4 12.9 15.8

¢Total pressure about 1 X 107 Torr.

Table VII. FTMS Chemical Ionization Mass Spectra of the Cr(n5-PhCOOMe)(CO); Complex with Arenes (A)®

ion, %
M-3CO-L
M+ M-CO)* (M -2CO)* (M -3CO + A)* + 2A)*

arene 01s 0.5s 0.1s 05s 0.1s 0.5s 0.1s 05s 0.1s 0.5s

benzene 57.9 37.4 16.8 1.8 37.9 4.6 100.0 100.0
mesitylene 100.0 100.0 5.9 2.1 29.0 20.2 9.4 16.5
PhOMe 100.0 100.0 4.9 2.0 45.3 15.7 4.7 5.6
PhCHO 100.0 100.0 3.8 1.5 45.5 7.6 17.5 16.4

?Total pressure about 1 X 10 Torr.
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Figure 4. Variation of ion abundances with increasing kinetic
energy from CID of the parent ion Cr(L,}(L,)*, where L; =
mesitylene and L, = PhCH,COMe.

In all of the FTMS chemical ionization experiments with
arenes as reagent molecules, at reaction times longer than
0.5 s, the substituted ions gradually react away, probably
by charge-exchange reactions, and the final products are
M+ and Cr,L,(CO);*. Similar behavior is observed with
propene after 0.1-s reaction time.

Collision-induced dissociation (CID) experiments on
(arene)Cr(arene’)* ions provide qualitative information on
the relative bond strengths of arenes to Cr*.182! These
ions were formed in the cell by reaction of Cr(5%-arene)-
(CO);3 complexes with free arene molecules, arene’, through
substitution processes illustrated in Schemes IV and V.
Different pairwise combinations of arene/arene’ were ex-
amined. When both arenes were sufficiently volatile to
be introduced as reagent gases, a cross-check was per-
formed by forming the (arene)Cr(arene’)* ion from the two
systems Cr(n8-arene)(CO);/arene’ and Cr(n8-arene’)-
(CO);/arene. Figure 4 shows the variation of ion abun-
dances with increasing kinetic energy from the CID of
Cr(mesitylene)(PhCH,COMe)*. At low energies the
abundance of Cr(PhCH,COMe)* is greater and increases
faster than that of Cr(mesitylene)*. At higher energies,
Cr* also appears. This behavior suggests that D(Cr*-
PhCH,COMe) > D(Cr*-mesitylene). CID results indicate
that the arene binding energies to Cr* are as follows:
benzene < toluene < PhOMe < PhCOOMe ~ PhCHO <
PhCOMe < mesitylene < PhCOEt < PhCO-n-Pr <
PhCO-¢t-Bu < PhCH,COMe.

Discussion

A comparison of the mass spectra recorded on a Fourier
transform mass spectrometer (Table I) with those obtained
with a magnetic sector mass spectrometer (Table II) at the
same electron beam energy (30 eV) shows a difference in
relative ion abundances. In particular L* and its fragments
are generally abundant in conventional electron impact
mass spectra, as has been reported earlier,22 but they are
weak or undetectable by FTMS. This behavior can be
ascribed to the different experimental conditions of the
two methods. In the conventional mass spectrometer, the
sample pressure was ~5 X 10~ Torr, and ions formed in
the source were detected after a flight time of about 10
s between the source and the detector, while in the FTMS

(21) (a) McLuckey, S. A.; Cameron, D.; Cooks, R. G. J. Am. Chem.
Soc. 1981, 103, 1313. (b) McLuckey, S. A.; Schoen, A. E.; Cooks, R. G.
J. Am. Chem. Soc 1982, 104, 848.

(22) Muller, J. Angew. Chem., Int. Ed. Engl. 1972, 11, 653.
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instrument the pressure was (1-2) X 107 Torr and the
spectra were recorded 3 ms after a 5-ms ionization event.
During this delay, bimolecular processes can begin to occur,
as evidenced by the observation of Cr,L(CO),* (n =1, 2)
{(not reported in Table I), and it is likely that charge-ex-
change reactions also take place. Support for this hy-
pothesis is given by the higher abundance of the molecular
ion, M*, and of its first dissociation product, (M - CO)*,
in the FT mass spectra, as is expected in charge-exchange
processes with respect to electron impact ionization. As
a check, the electron impact mass spectra of some com-
plexes were recorded on the FTMS instrument without any
delay following a 100-us ionization event. Under these
experimental conditions, in which the reaction time is still
50-100 times longer than in a magnetic sector instrument,
organic ions could be detected, although their abundance
was never higher than ~3%. Therefore, the observed
mass spectra are likely to be a combination of ions formed
by electron impact and by some bimolecular processes that
involve fast charge exchange.

In the self-condensation processes, Cr* reacts with
CrL(CO), molecules by two competitive pathways in which
Cr,L(CO),* is formed by loss of one CO molecule (A) and
Cr,L(CO)* is formed by loss of two CO molecules (B), as
reported in Scheme I. When L is a hydrocarbon, Cr,L-
(CO),*, formed through pathway A, is the only dimer
species observed in the reaction of Cr* with CrL(CO);. In
contrast, formation of Cr,L.(CO)* through pathway B is
observed only for complexes in which L contains a carbonyl
group. As has been pointed out in the Results, these
differences in behavior are enhanced as the self-conden-
sation reactions proceed, eventually leading to the exclusive
formation of Cr,L,(CO)s* through pathway A for com-
plexes 1, 2, 3, and 8 (L = toluene, mesitylene, PhnCOOMe,
and PhCH,COMe) and to Cr,L,(CO);* formation through
pathway B for L = PhCOR.

There are several conceivable explanations why pathway
A is followed when L is a hydrocarbon and pathway B is
followed when L is a ketone. It is possible that the initial
complexation energy of Cr* with CrL(CO); is larger when
L is a ketone, resulting in the elimination of two carbonyls
(pathway B) as opposed to one carbonyl (pathway A).
Alternatively, the CO bond energies may be somewhat
weaker in the complex when L is a ketone, again favoring
pathway B. Unfortunately, these hypotheses cannot be
evaluated because of the paucity of thermochemical data
available for the Cr(75-arene)(CQO); complexes. An addi-
tional factor may be that the stabilization of the Cr,L(CO)*
ion and its self-condensation products is achieved through
the coordination of the carbonyl group of the arene ligand
to the incoming Cr*. The occurrence of this coordination
is consistent with the dependence of the relative rate of
dimer formation on the length of the alkyl group, R, in the
PhCOR ligands. Table III shows that the relative abun-
dance of the condensation products obtained through
pathway B increases with increasing size of the alkyl
substituents, from methyl to butyl, in agreement with their
increasing inductive effect, which enhances the coordina-
tive ability of the ketonic CO of the ligand and also in-
creases complexation energy.

Cr,Ly(CO)s* reacts further with a fourth molecule of the
complex, leading to CrsL4(CO)g*, while no products are
observed from Cr,L,(CO)¢*. This difference in reactivity
of the two ions does not arise due to differences in either
their reduced mass? or their electron deficiency. In fact,
the reduced masses, 4 = 181 and u = 178, calculated for

(23) Su, T.; Bowers, M. T. Int. J. Mass Spectrom. Ion Phys. 1973, 12,
347,
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Cr,(mesitylene),;(CO)s* and Cr (PhCOMe),(CO),*, re-
spectively, clearly give a negligible effect on the reaction
rate. Electron deficiencies (ED) have been determined for
the same ionic species on the basis of the 18-electron rule,2
assuming that the cluster fragment is a tetrahedron in
which each chromium atom has three Cr-Cr bonds. ED
= 3.25 is calculated for Cr (mesitylene)y(CO),*, while ED
= 3.25-3.75 is calculated for Cr,(PhCOMe),(CO);*, de-
pending on the extent to which a ketonic CO is involved
in the coordination sphere (i.e. from two-electron donor
to zero-electron donor). According to previously reported
data,? these ED values should correspond to very reactive
species, while their difference is, again, negligible.
Therefore, we suggest that Cr,L,(CO)g* does not react
further because, assuming a tetrahedral structure for the
metal cluster, the coordination sphere is full.

CrL* reacts with CrL(CQ); in self-condensation pro-
cesses at a lower reaction rate than Cr*. This is due mainly
to the fact that CrL* exhibits a more diffuse charge and
in part to its lower degree of coordinative unsaturation (ED
= 3.5 for CrL* compared to ED = 6.5 for Cr*), as well as
to the higher reduced mass of CrL* (i.e. 103 for CrL* with
L = mesitylene and PhCOMe vs 43 for Cr*). For all of
the complexes, CrL* reacts with CrL(CO), via displace-
ment of a CO molecule, leading to CryL,(CO),* (Scheme
IT). Moreover, complexes 3-8, whose arene ligands contain
a CO group, also proceed in a parallel fashion, leading to
the formation of Cr,L,* with elimination of three CO
molecules. As in the self-condensation reactions of Cr,
it can be suggested that stabilization of Cr,L,*, formed
from CrL*, is achieved by coordination of the carbonyl
group of each arene ligand to each chromium atom, re-
sulting in a symmetric structure.

The condensation reactions of CrL(CO)* and CrL-
(CO),*, which are characterized by a still lower unsatu-
ration than CrL*, occur at a very low rate. As shown in
Scheme III, Cr,L.,(CO);* is the only product of the first
condensation step. All of the complexes react by the same
reaction pathway, since it is likely that the low unsatura-
tion of the reagent ions prevents the ketonic CO from
interacting with the metal center.

Under benzene chemical ionization conditions, all of the
complexes examined give charge-exchange products with
CgHg* (Scheme IV), in accordance with their lower ioni-
zation potentials.® The primary products are the mo-
lecular ion, CrL{CO);*, and its fragments, CrL(CO),* and
CrL(CO)*. These fragment ions react with their neutral
precursors both by charge-exchange processes, to give the
molecular ion, and by condensation reactions, leading to
Cr,L,(CO);*, which has already been described above. In
addition, CrL(CO)* also takes part in a substitution re-
action with neutral benzene, yielding CrL(C;H,)*, which
has been previously observed by conventional chemical
ionization.!® Results reported in Table 1V indicate that
the extent to which substitution reactions take place de-
pends upon the nature of the ligand, L. When L is a
hydrocarbon (toluene and mesitylene), M* shows a higher
relative abundance with respect to that of (M — 3CO +
benzene)*. The opposite behavior is displayed when the
ligand is a ketone (PhCOMe, PhCOEt, PhCO-n-Pr,
PhCO-t-Bu, and PhCH,COMe) or an ester (PhCOOMe).
This trend points out the importance of the Cr—CO binding
energy, which is stronger when L is a hydrocarbon and

(24) Wade, K. In Transition Metal Clusters; Johnson, B. F. G., Ed.:
Wiley: New York, 1980; Chapter 3, p 193,

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

(26) Gilbert, J. R.; Leach, W. P.; Miller, J. R. J. Organomet. Chem.
1973, 49, 219.
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Table VIII. Polarizability of Arene Ligands

polarizability,® polarizability,?

arene® A3 arene® A3
benzene 10.4 mesitylene 15.9
toluene 12.2 PhCOEt 16.4
PhOMe 12.9 PhCO-n-Pr 18.2
PhCOOMe 14.8 PhCO-t-Bu 20.1
PhCHO 12.6 PhCH,COMe 16.4
PhCOMe 14.6

% Arenes are listed in order of increasing binding energy to Cr*.
®Calculated as described in ref 28.

weaker when it contains a carbonyl group (ketones and
ester), as has previously been reported.?”

Table V shows that the substitution reactions of the
CrI(CO); compounds with propene as reagent gas follow
the same overall behavior as that observed with benzene
as reagent gas. For example, complexes containing a hy-
drocarbon ligand undergo substitution reactions to a lesser
extent than those containing a ketone. The (M - 3CO +
P)* ions display a lower relative abundance than (M - 3CO
+ B)*, which can be ascribed to the lower coordination
energy of propene with respect to that of benzene.

Reactions of Cr(n®-toluene}{CO); with a number of
different arenes (Table VI) show that substitution of the
coordinated arene can also take place when a suitable
reactant is used. Results are in agreement with the relative
binding energy order obtained by CID experiments. For
example, toluene is not substituted by benzene but is
displaced by mesitylene, PhOMe, and PhCHO. The con-
comitant decrease of the relative abundance of the mo-
nosubstituted species and increase of abundance of the
disubstituted species with time suggest that Cr(A),* ions
are formed directly from Cr(L)(A)* by displacement of the
ligand L. This hypothesis has been confirmed by dou-
ble-resonance experiments and is illustrated in Scheme V.
For each of the reagent gases used, the base peak is always
the molecular ion, while the relative abundance of the
monosubstituted ions depends on the nature of the free
arene, A. Surprisingly, using benzene as the reagent gas
gives the most abundant Cr(toluene)(A)* ion, even though
the Cr*-benzene bond has been shown to be the weakest,
and mesitylene, which is supposed to form a stronger
Cr*-A bond than benzene, PhOMe, and PhCHO, gives the
least abundant monosubstituted ion. This behavior is
ascribed to the different concentration of the precursor ion,
CrL(CO)*, in the presence of different reagent gases.

The chemical ionization mass spectra of Cr(n%-
PhCOOMe)(CO), with benzene, mesitylene, PhOMe, and
PhCHO as reagent gases are very similar to those of Cr-
(n8-toluene)(CO);. The main difference is the higher
abundance of the substituted ions in the Cr(n%-
PhCOOMe)(CO); system. This behavior can be ascribed
to the lower energy of the Cr-CO bonds,?” which fragment
more readily to give (M - 2CO)*, the precursor ion of the
Cr(PhCOOMe)(A)* species.

The relative binding energy sequence of the arenes to
Cr*, as reported in the Results, can be ascribed in part to
their inductive effect when the arene is a hydrocarbon
(benzene, toluene, and mesitylene) or an ether (PhOMe).
For arenes containing a carbonyl group (ester, aldehyde,
and ketones), the Crt-arene bond can be stabilized by
interaction between the CO of the ligand and the metal
center. This effect is enhanced by increasing the size of
the R group in phenyl ketones, PhCOR, and by decreasing
the steric constraint in PhCH,COMe. The ion-induced
dipole effects of the ligands can be evaluated from their

(27) Neuse, E. W. J. Organomet. Chem. 1975, 99, 287.
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polarizabilities, which have been calculated® for all the
arenes examined here. The results are reported in Table
VIII and are in general agreement with the observed rel-
ative binding energy sequence. Thus, both the inductive
effects and the induced dipole effects reinforce each other,
leading to the observed bond energy order.

In solution, reactions between Cr(48-arene)(CO); mole-
cules and free arenes give arene-exchange processes® (re-
action 1), while the CO groups are displaced only under
UV light irradiation.” The different behavior observed

Cr(n®-arene)(CO); + arene’ =
Cr(n®-arene’)(CO); + arene (1)

may occur because a positive charge on the chromium atom
affects the Cr—CO bond strength more than that of the
Cr-arene bond, as it lowers the retro-donation contribution
in the Cr-CO bond. Interestingly, the equilibrium con-
stants of reaction 1 in solution have been reported for a
number of arenes? and the stability of the Cr(n5-ar-
ene)(CO); species has been observed to increase in the
order benzene, toluene, p-xylene, mesitylene which is in
agreement with the gas-phase results.

Conclusion
The mechanisms of self-condensation and displacement
processes for eight Cr(n%-arene)(CO); (arene = hydro-

(28) Miller, K. J.; Savchick, J. A. J. Am. Chem. Soc. 1979, 101, 7206.
(29) Mahaffy, C. A. L.; Pauson, P. L. J. Chem. Res., Miniprint 1979,
1752,

carbons, ester, and ketones) complexes have been deter-
mined by FTMS methods. Different reaction pathways
have been observed for self-condensation reactions, which
depend upon the nature of the coordinated arene. The
extent to which substitution of the carbonyl groups and
of the coordinated arene occurs has been shown to depend
on the nature of both the coordinated arene ligand and the
reactant arene. From CID experiments, the relative
binding energy sequence of a number of arenes to Cr* has
been obtained and correlates well with the relative sta-
bilities of the Cr(n®-arene)(CO); compiexes in solution.

Acknowledgment is made to the Division of Chemical
Sciences in the Office of Basic Energy Sciences in the
United States Department of Energy (Contract No. DE-
FG02-87ER13766), to the National Science Foundation
(Grant No. CHE-8920085), and to the Consiglio Nazionale
delle Ricerche (Italy) for supporting this research. J.R.G.
gratefully acknowledges the National Science Foundation
for fellowship support.

Registry No. Cr(toluene)(CO)s, 12083-24-8; Cr(mesityl-
ene)(CO);, 12129-67-8; Cr(PhCOOMe)(CO);, 12125-87-0; Cr-
(PhCOMe){COQ);, 12153-11-6; Cr(PhCOEt)(CO);, 58535-55-0;
Cr(PhCO-n-Pr)(CO);, 68786-02-7; Cr(PhCO-t-Bu)(CO),, 58482-
51-2; Cr(PhCH,COMe)(CO);, 12153-79-6; PhOMe, 100-66-3;
PhCHO, 100-52-7; PhCOOMe, 93-58-3; PhCOMe, 98-86-2;
PhCOEt, 93-55-0; PhCO-n-Pr, 495-40-9; PhCO-¢t-Bu, 938-16-9;
PhCH,0Me, 103-79-7; benzene, 71-43-2; propene, 115-07-1;
mesitylene, 108-67-8; toluene, 108-88-3.

Structural Systematics. 2.' Metal Framework Rearrangements
in Cluster Compounds Containing the Au,Ru; Fragment

A. Guy Orpen*'t and Ian D. Salter?

Department of Inorganic Chemistry, University of Bristol, Bristol BS8 1TS, UK.,
and Department of Chemistry, University of Exeter, Exeter EX4 4QD, U.K.

Received March 14, 1990

It has been postulated that the reaction path for site exchange of gold atoms in cluster compounds
containing Au,Ru, fragments involves a partial Berry pseudorotation in which the geometry of the Au,Ru,
fragment changes from trigonal bipyramidal (tbp) to square pyramidal (sp) and then back to tbp with
exchange of gold atom environments. This hypothesis is tested against data derived from 16 crystal structures
of compounds containing such fragments. The Berry-like mechanism is shown to be fully consistent with
the structural evidence. The observed geometries map the full range of the reaction coordinate. There
is some evidence supporting the existence of an edge-cleavage mechanism, although only the initial stages
of this pathway may be observed in the data set. Other mechanisms, such as the turnstile, are shown to

be incompatible with the structural data presented.

We have shown,?? in a series of studies by *'P and/or
199A¢ NMR spectroscopy, that metal clusters containing
trigonal-bipyramidal M;Ru; fragments (M = Cu, Ag, Au)
exhibit dynamic behavior in solution that involves intra-
molecular exchange between Group Ib metal atoms in axial
and equatorial sites. We have further postulated® that this
process occurs by a partial Berry pseudorotation mecha-
nism in which the geometry of the M;Ru; fragment
changes from trigonal bipyramidal (tbp) to square pyram-
idal (sp) and then back to tbp, thereby exchanging the M

t University of Bristol.
t University of Exeter.

atoms (see Scheme I (top), A — B — C). The integrity
of the Ruj, triangle is apparently maintained in the process,
typically as a consequence of a u, ligand (e.g. S, COMe,
or Ru(CO),) that caps this unit. We now report that
analysis of 16 crystal structures of cluster compounds

(1) Part 1: Orpen, A. G.; Connelly, N. G. Organometallics 1990, 9,
1206.

(2) For example: Blaxill, C. P.; Brown, S. S. D.; Frankland, J. C.;
Salter, I. D.; Sik, V. J. Chem. Soc., Dalton Trans. 1989, 2039. Brown,
S. S. D,; Salter, 1. D.; Sik, V.; Colquhoun, L. J.; McFarlane, W.; Bates, P.
A.; Hursthouse, M.; Murray, M. J. Chem. Soc., Dalton Trans. 1988, 2177
and references cited therein.

(3) Farrugia, L. J.; Freeman, M. J.; Green, M.; Orpen, A. G.; Stone, F.
G .A.; Salter, 1. D. J. Organomet. Chem. 1983, 249, 273.
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