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Thermal ring-closure reactions of pentacarbonylmetal complexes with bidentate N-N
ligands were studied in detail in the past using photochemical techniques to produce these
species in solution prior to the actual reaction. Some of the monodentate pentacarbonyl-
chromium complexes have now been isolated and enable a detailed reinvestigation of the
thermal chelation reaction of Cr(CO)5(N-N) (N-N ) 1,4-diisopropyl-1,4-diazabutadiene, 4,4′-
dimethyl-2,2′-bipyridine). The reactions were studied as a function of [N-N], temperature,
and pressure. The unexpected ligand concentration dependence, viz. a decrease in observed
rate constant with increasing [N-N], can be accounted for in terms of competitive reactions
leading to the formation of Cr(CO)6 and chelated Cr(CO)4(N-N). At high [N-N] the limiting
rate constant represents only the chelation reaction, for which the observed activation
volumes are between +13 and +18 cm3 mol-1. These strongly support the operation of a
dissociatively activated chelation mechanism.

Introduction

Recent kinetic studies on the thermal ring closure
reactions of complexes of the type M(CO)5L (M ) Cr,
Mo, W; L ) bidentate ligand) indicated that the mech-
anism of such processes is controlled to a large extent
by the size of the metal center and the nature of the
chelating ligand.1-16 In these investigations the M(CO)5L
species were prepared in solution by photolysis of
M(CO)6 in the presence of L. The reaction involves the
initial photodissociation of one CO ligand (eq 1), leading

to the intermediate pentacarbonyl with a monocoordi-
nated bidentate ligand (eq 2), which subsequently
undergoes ring closure by loss of another CO (eq 3). If
reaction 3 is too rapid, it is necessary to use flash
photolysis techniques in order to study its kinetics.9,12-15

The intimate nature of the ring-closure process was
especially revealed by the more recently reported vol-
umes of activation.11-14 It could be demonstrated that
the volume of activation is the best parameter to
describe the nature of the different ring-closure mech-
anisms. The pressure dependence of these reactions
was usually studied under conditions similar to those
adopted for the ambient-pressure studies.3-6,8,16 In fact
for L ) phen, en (ethylenediamine), and dab (1,4-
diisopropyl-1,4-diazabutadiene), the volumes of activa-
tion for M ) Mo and W were all significantly negative
and supported the operation of an associatively acti-
vated chelation mechanism.9,11-14 For M ) Cr, however,
the volume of activation suggested a fine balance
between the size of the metal center and steric hin-
drance on the free end of the bidentate ligand as the
transition state is approached,11 which controlled the
intimate nature of the chelation mechanism in terms
of an associative or dissociative process.
It is in this respect that recent reports in the

literature, dealing with the isolation and chelation
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reactions of (CO)5Cr(µ-dmbpy)Cr(CO)5 and (CO)5Cr-
(dab), where dmbpy ) 4,4′-dimethyl-2,2′-bipyridine,
attracted our attention.17-19 These complexes undergo

thermal chelation reactions to produce the chelated
tetracarbonyl species via rate-determining extrusion of
CO. The authors concluded that these species simulate
the intermediates produced in the photoinduced reac-
tions and exhibit properties different from those found
before. In this respect, significant formation of Cr(CO)6
was found at low dmbpy and dab concentrations.17-19

Furthermore, the bridged complex was isolated at low
Cr(CO)5 to dmbpy concentration ratios, which im-
mediately raised the question to what extent such
bridged species could have occurred in our earlier
photoinduced studies and, if they did, how they would
have affected the observed kinetic behavior.
We have therefore undertaken a detailed kinetic

study of the chelate formation reaction (eq 3) for both
the bridging dmbpy and dab complexes. These results
clearly show that the concentration of the free bidentate
ligand in solution controls the extent of chelate product
formation. The reported activation parameters deter-
mined under limiting concentration conditions are all
in favor of a dissociatively activated chelation reaction.

Experimental Section

Chromium hexacarbonyl and 4,4′-dimethyl-2,2′-bipyridine
(dmbpy) were purchased from Aldrich and used as received.
The complexes were prepared from Cr(CO)5(η2-(Z)-cyclooctene)
and dab or dmbpy according to the published procedures.18-20

Important to note is the fact that we used considerably more
solvent (pentane) in the preparation of the bridged complex

than was mentioned in the literature due to the limited
solubility of dmbpy. The products were characterized by IR
and elemental analysis, and the results were in good agree-
ment with those reported in the literature.18 Toluene (Merck,
Roth) and hexane (Aldrich) were of spectroscopic grade,
refluxed over Na/K and distilled under nitrogen or argon. All
manipulations involving the test solutions were carried out
under an argon or nitrogen atmosphere in the dark using
standard Schlenk techniques. Kinetic data for the chelation
reaction at ambient pressure were obtained using a Varian
Cary 1.3 or a HP8452A diode array spectrophotometer (ε(Cr-
(CO)5(µ-dmbpy)Cr(CO)5 (410 nm)) ) 5150 L mol-1 cm-1;18
ε(Cr(CO)4dmbpy (518 nm)) ) 3100 L mol-1 cm-1; ε(Cr(CO)5-
dab (405 nm)) ) 4450 L mol-1 cm-1 and ε(Cr(CO)4dab (586
nm)) ) 8140 L mol-1 cm-1).19 The kinetics at elevated pressure
were followed on a modified Varian Cary 1.3 UV-vis spectro-
photometer equipped with a thermostated high-pressure cell.21,22
The deoxygenated solutions were introduced into the optical
pill-box cell23 under an argon or nitrogen atmosphere by using
a specially designed filling system.24

Mononuclear ring-opened Cr(CO)5(dmbpy), i.e., the com-
pound in which only one nitrogen donor of dmbpy is coordi-
nated, was also produced photochemically in solution by
irradiation of 5 × 10-4 M Cr(CO)6 and dmbpy (6.25-100 mM)
in toluene for 20 s using a 100 W high-pressure Hg lamp,
similar to the experiments performed for Cr(CO)6 and dab
before.12 The subsequent thermal ring-closure reaction of the
complex at high ligand concentrations was followed by the
growth of the MLCT band of Cr(CO)4(dmbpy) at 518 nm. The
formation of Cr(CO)4(dab) was followed at 586 nm using the
isolated Cr(CO)5(dab) as starting material. The kinetic traces
were fitted with the OLIS-KINFIT set of programs.25 Calcula-
tion of the volumes of activation was performed in the usual
way, and plots of ln kobs vs pressure were linear within the
experimental error limits. Immediately following the chelation
reaction, an IR spectrum of the product solution was recorded
with a Nicolet FX5 FT-IR spectrophotometer in a 1 mm
pathway NaBr cell to confirm the approximate composition of
the product mixtures generated during the thermal process.
From the IR spectra it followed qualitatively that in the case
of using a high ligand concentration nearly no formation of
Cr(CO)6 could be observed. However, at low ligand concentra-
tion (or when no ligand was added) we observed a strong signal
at 1987 cm-1 due to the formation of Cr(CO)6. For the
experiments in the presence of CO, we used the highest
available quality (99.97% Linde).

Results and Discussion

A. Thermal Behavior of Cr(CO)5(µ-dmbpy)Cr-
(CO)5. The spectral changes observed in the UV-vis
region during the transformation of the title complex
in toluene into the respective products were recorded
as a function of dmbpy concentration, temperature, and
pressure. The observed spectral changes (Figure 1a) are
in agreement with those reported before and clearly
demonstrate that the extent of chelate product forma-
tion, i.e., Cr(CO)4(dmbpy), depends strongly on the
dmbpy concentration employed.18 At low dmbpy con-
centration (Figure 1b) almost no conversion to Cr(CO)4-
(dmbpy) occurs and the main product is Cr(CO)6, as
confirmed by IR spectroscopy of the reaction products.
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However, at high dmbpy concentration, the chelate
complex is formed as the main product (Figure 2).18
Kinetic traces recorded at 518 nm, where the appear-
ance of Cr(CO)4(dmbpy) is observed, exhibit a two-step
process under all conditions. Figure 1a shows a typical

absorbance-time trace at 518 nm and high ligand
concentration (0.1 M dmbpy), which clearly exhibits an
induction period. This means that it takes some time
to build up a reactive intermediate that subsequently
undergoes ring-closure. Such a reaction scheme will
consist of

where A, B and C represent the dinuclear species, Cr-
(CO)5(dmbpy), and Cr(CO)4(dmbpy), respectively. The
observed spectral changes were analyzed using Specfit
global analysis,26 which confirmed the formation of an
intermediate species. The disappearance of [Cr(CO)5]2-
(µ-dmbpy) monitored at 410 nm also exhibits a two-step
process, especially at low dmbpy concentrations (Figure
1b). It was our primary aim to study the formation of
Cr(CO)4(dmbpy), and we therefore followed the growth
of the MLCT band at 518 nm in our kinetic measure-
ments. For the conditions selected in this study it was
always better to analyze the traces at the longer
wavelength, since the change in absorbance at 410 nm,
which is related to that of the bridged complex, becomes
too small at high ligand concentration. A series of
preliminary experiments indicated that the faster step
is independent of the concentration of added dmbpy,
whereas the slower step significantly decreased in rate
with increasing ligand concentration. Due to the small
changes in absorbance at 518 nm at low [dmbpy], the
first (faster) exponential function could not be resolved
clearly under all condititons and an average rate value
of (3.8 ( 0.4) × 10-3 s-1 was found at 25 °C. Due to the
fact that this reaction is independent of the dmbpy
concentration, we conclude that it must be associated
with the dissociation of the dinuclear complex.
The values for the second exponential function, mea-

sured at 518 nm, decrease significantly with increasing
dmbpy concentration (Figure 3) and reach a limiting
value of kobs ) 1.87 × 10-3 s-1 at 25 °C and a dmbpy
concentration of 0.1 M. This finding contradicts the
reported behavior of this complex, for which an increase

(26) Binstead, R. A.; Zuberbühler, A. D. SPECFIT Global Analysis
Version 2.10; Spectrum Software Association, Chapel Hill, NC 27515-
4494, 1993-1997.

Figure 1. UV-vis spectral changes associated with the
formation of the Cr(CO)4(dmbpy) chelate complex from Cr-
(CO)5(µ-dmbpy)Cr(CO)5 in toluene at 25 °C and ∆t ) 100
s: (a, top) [complex] ) 1.2 × 10-4 M, [dmbpy] ) 0.1 M
(insert: absorbance vs time traces at two wavelengths); (b,
bottom) [complex] ) 1.1 × 10-4 M, no dmbpy added
(insert: absorbance vs time traces at two wavelengths).

Figure 2. Yield of the Cr(CO)4(dmbpy) chelate complex
based on the initial Cr content of [Cr(CO)5(µ-dmbpy)Cr-
(CO)5]. Calculations are based on ε for either Cr(CO)5(µ-
dmbpy)Cr(CO)5 or Cr(CO)4dmbpy. For experimental con-
ditions, see Figure 3.

Figure 3. Rate constant kobs for the chelate ring-closure
step in the formation of Cr(CO)4(dmbpy) from Cr(CO)5(µ-
dmbpy)Cr(CO)5 (∼1.2 × 10-4 M) monitored at λ ) 518 nm
in toluene at 25 °C as a function of added dmbpy under an
inert atmosphere.

A h B f C
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in kobs with increasing dmbpy concentration was found.18
We have no simple explanation for this apparent dis-
crepancy other than that it may be related to the
interference of the preceding faster step, which was not
recognized in the previous study.18
We observe the same trends in the yield for the

conversion into the ring-closed complex (Figure 2) as
found by Long et al.18 It was shown that in the presence
of CO (saturated toluene 0.009 M)27 the disappearance
of the bridged complex was accelerated and the forma-
tion of the ring-closed product was suppressed due to
the formation of Cr(CO)6.18 The rates for the disap-
pearance of the ring-opened species under these condi-
tions was found to be 14.1 × 10-3 and 6.8 × 10-3 s-1 at
410 nm, whereas nearly no formation of Cr(CO)4(dmbpy)
could be observed at 518 nm.
When both dmbpy (0.05 M) and CO (0.009 M) are

present, we do observe the formation of the ring-closed
product at 518 nm (see Figure S1 in the Supporting
Information). The observed rates show that the pres-
ence of CO slows down the second step, formation of
Cr(CO)4(dmbpy), to a value of kobs ) 8.8 × 10-4 s-1,
whereas the first-exponential function seems not to be
affected. Analysis of the UV-vis spectra resulted in a
yield of more than 57% (see also Figure 2) based on the
starting material.
At high [dmbpy], our kobs value of 1.87 × 10-3 s-1 is

in reasonable agreement with the reported limiting rate
constant of 1.2 × 10-3 s-1 under similar conditions.18
Thus, the limiting rate constant reached at high dmbpy
concentration represents the situation where Cr(CO)4-
(dmbpy) is produced from Cr(CO)5(dmbpy) and possible
side reactions are eliminated. A possible mechanism
for the reaction was suggested by Long et al.18

According to Scheme 1, the bridged pentacarbonyl
complex dissociates into Cr(CO)5(dmbpy) and Cr(CO)5-
(S), the former of which can either lose dmbpy in (5) or
undergo ring closure in (6), whereas Cr(CO)5(S) can
either react with free dmbpy when available in (5),
followed by chelation, or react with CO to produce Cr-
(CO)6 in (7). It follows that the decay of the bridged
complex will only result in a very low concentration of
the ring-closed Cr(CO)4(dmbpy) complex in the absence
of or at low concentrations of added dmbpy due to the
side reaction included in the scheme, which is respon-
sible for the low yield of Cr(CO)4(dmbpy). On the
addition of sufficient dmbpy, dissociation of the dimer
leads to the exclusive formation of Cr(CO)5(dmbpy) and
mainly conversion to Cr(CO)4(dmbpy); i.e., added dmbpy
favors the trapping of Cr(CO)5(S) and suppresses the
dissociation of Cr(CO)5(dmbpy) according to (5) and so
favors the chelation step (6).18 The presence of two-
exponential decays at 410 nm, as well as two-exponen-
tial growths at 518 nm, must be related to the two
subsequent reactions outlined in Scheme 1: the first

involving dissociation of the bridged complex and the
second ring closure of the Cr(CO)5(dmbpy) species.
Since the slower rate, kobs, is suggested to be related

to the ring-closure reaction, activation parameters were
determined for this reaction step. The pressure depen-
dence of the reaction was studied at 0.1 M dmbpy, i.e.,
where kobs reaches a minimum in Figure 3, and the
results are summarized in Figure 4. The yield of Cr-
(CO)4(dmbpy) at elevated pressure was in the same
range as for reactions at ambient pressure (ca. 70%).
The volume of activation of +12.5 ( 0.4 cm3 mol-1 for
the ring-closure reaction (6), evaluated from the slope
in Figure 4, strongly supports the operation of a dis-
sociative mechanism (see following discussion). The
temperature dependence of this reaction was studied
under similar conditions, and the associated activation
parameters are summarized in Table 1. The values of
∆Hq and ∆Sq are typical for dissociative reactions (see
further discussion).
B. Irradiation of Cr(CO)6 in the Presence of

dmbpy. The isolation of the bridged complex and its
transformation in solution to Cr(CO)4(dmbpy) and Cr-
(CO)6 raised the question of the possible role of this
species during the chelation reaction of Cr(CO)5(dmbpy)
generated photochemically in solution from a mixture
of Cr(CO)6 and dmbpy. To compare the above-reported
results with the thermal ring-closure reaction of Cr-
(CO)5(dmbpy) generated photochemically, the latter
reaction was also studied in detail as a function of
[dmbpy]. Although we have no spectroscopic evidence
for the formation of Cr(CO)5(dmbpy) instead of [Cr-
(CO)5]2(µ-dmbpy), it is obvious that the large excess of
dmbpy (0.1 M dmbpy) used to study the temperature
and pressure dependence of the reaction will favor the
formation of the monomeric species in solution. Fur-
thermore, is is also reasonable to consider the formation
of Cr(CO)4(dmbpy)2 during the period of irradiation,
which will also lead to the ring-closed Cr(CO)4(dmbpy)
product. According to available literaure data,28 com-
plexes of the type cis-Cr(CO)4(py-R)2 exhibit absorbance
spectra rather similar to those of related ring-closed
species. This would, however, mean that the expected
spectral changes asociated with the ring closure of Cr-

(27) Lühring, P.; Schumpe, A. J. Chem. Eng. Data 1989, 34, 250. (28) Chun, S.; Getty, E. E.; Lees, A. J. Inorg. Chem. 1984, 23, 2155.

Scheme 1

Figure 4. Pressure dependence of the ring-closure reaction
of Cr(CO)5(µ-dmbpy)Cr(CO)5 ([complex] ≈ 1.2 × 10-4M,
[dmbpy] ) 0.1 M, T ) 11.7 °C.
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(CO)4(dmbpy)2 will be significantly smaller than those
associated with the ring closure of Cr(CO)5(dmbpy).
The observed spectral changes were similar to those

reported in an earlier study18 and in Figure 1, and a
typical example is shown in Figure 5. The initial
absorption at 518 nm must be due to the formation of
either cis-Cr(CO)4(dmbpy)2 or the ring-closed product
during the irradiation of the Cr(CO)6/dmbpy solution.
Absorbance time plots at 410 and 518 nm clearly
indicate two exponential decays at the former and a two-
exponential growth of the product at the latter wave-
length, respectively. The slower rate constant related
to the product formation (i.e. ring closure) also decreases
significantly with increasing [dmbpy] (Figure 6) and
reaches a limiting value of 3.18 × 10-3 s-1 at 0.1 M
dmbpy, 518 nm, and 25 °C. The first step is ca. 10 times
faster, but we were not able to obtain accurate values
due to the dead time of the experimental method. The
rapid decay, observed as the fast step at low [dmbpy]
and 410 nm, can be related to the participation of
different pentacarbonyl species in which solvent, dmbpy,
and possible solvent impurities compete for the available
coordination site. In addition, this reaction may also
involve the formation of a dmbpy-bridged complex. The
subsequent slow reaction, which represents the main
contribution at high [dmbpy], is ascribed to the ring
closure of Cr(CO)5(dmbpy) observed at 518 nm. The
values of kobs and the overall observed trends are similar
to those observed for the reaction of the bridged complex
reported in Figure 3. The possible participation of a bis-
substituted species, Cr(CO)4(dmbpy)2, due to secondary
photolysis of initially generated Cr(CO)5(dmbpy), was
taken into account. The reactions shown in Scheme 2
are suggested to account for the reported behavior.

Reactions 8 and 10 are the photoinduced reactions,
whereas the others are the possible thermal reactions
following the event of photolytic CO loss. Reaction 12
was included since the dinuclear complex was isolated
as mentioned before.18 We have no real evidence for
its appearance in solution during the photoinduced
reaction, but it seems obvious to us that we have to
consider this possibility.
The temperature and pressure dependence of this

reaction was studied at high [dmbpy] where reaction
14 is suggested to be the rate-determining step. The
values of kobs decrease significantly with increasing
pressure (see Figure S2 in the Supporting Information)
and the associated volume of activation, +17.9 ( 0.8
cm3 mol-1, strongly supports the operation of a dissocia-
tive mechanism (see further discussion). The activation
parameters are summarized along with others mea-
sured in this and related studies in Table 1. A ring-
closure proccess starting from the more labile Cr(CO)4-
(dmbpy)2 is a possible explanation for the higher limiting
rate and the lower ∆Hq value found for the photoiniti-

Table 1. Activation Parameters for the Thermal Ring-Closure Reactiona

complex solvent kobs,b,d s-1 ∆Vq,b,d cm3 mol-1 ∆Hq,d kJ mol-1 ∆Sq,d J mol-1 K-1 ref

Cr(CO)5-dab n-heptane 2.7 × 10-5 37 ( 2f -204 ( 5f 19
Cr(CO)5-dab n-heptane 3.4 × 10-5 +14.3 ( 1 125 ( 9 93 ( 29 e
Cr(CO)6 + dab + hν toluene 1.52 × 10-4 +17.2 ( 1 81 ( 2 -47 ( 7 11

[Cr(CO)5]2(µ-dmbpy) toluene 1.2 × 10-3 110 51 18
[Cr(CO)5]2(µ-dmbpy) toluene 1.87 × 10-3 +12.5 ( 0.4c 101 ( 4 42 ( 13 e
Cr(CO)6 + dmbpy + hν toluene 3.33 × 10-3 +17.9 ( 0.8c 81 ( 2 -22 ( 8 e
a Experimental conditions: [Cr] ) (1-5) × 10-4 M. b At 25.0 °C. c At 11.7 °C. d Measured under limiting conditions, i.e., kobs ) k3.

e This work. f Recalculated from the data in ref 19.

Figure 5. UV-vis spectral changes associated with the
formation of the Cr(CO)4(dmbpy) chelate complex after 20
s irradiation of Cr(CO)6 (5 × 10-4 M) in the presence of
excess dmbpy (0.1 M) in toluene at 25 °C and ∆t ) 100 s.

Figure 6. Concentration dependence of kobs for the pho-
toinduced ring-closure reaction of Cr(CO)6 + dmbpy (T )
25 °C, [Cr] ) 5 × 10-4 M).

Scheme 2

Pentacarbonylchromium Complexes with N-N Ligands Organometallics, Vol. 17, No. 9, 1998 1673
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ated reaction compared to those starting with the
isolated complexes (Table 1). Because a dmbpy ligand
is larger than a CO, this would also explain the higher
activation volume in the case of the photoinitiated
reaction (Table 1) (see further discussion).
C. Thermal Behavior of Cr(CO)5dab. The dab

complex was isolated in its nonbridged form. The
spectral changes observed for the ring-closure reaction
in n-hexane at 150 MPa are in good agreement with
those reported before at ambient pressure (see Figure
7).19 The concentration dependence of the first-order
kinetics, monitored at 586 nm, exhibits the same trend
as reported above for the dmbpy system (see Figure S3
in the Supporting Information). A limiting rate con-
stant of kobs ) 3.4 × 10-5 s-1 was found at 0.080 M dab
and 25 °C, which is in close agreement with the value
of 2.7 × 10-5 s-1 reported for 23 °C and [dab] ) 0.067
M.20 The temperature and pressure dependence of the
chelation reaction was studied under these conditions,
and the observed volume of activation of +14.3 ( 1.0
cm3 mol-1 (see Figure S4 in the Supporting Information)
is close to the value of +17.2 ( 1.0 cm3 mol-1 reported
for the photoinduced reaction in the Cr(CO)6/dab sys-
tem.11 The associated thermal activation parameters
are summarized along with literature data in Table 1.
The significantly more positive ∆Hq and ∆Sq values
found in the present study compared to those reported
before11,19 are ascribed to the selection of more appropri-
ate reaction conditions, i.e., high chelate concentration,
in the present study.
For this system we can suggest a reaction scheme

similar to that for the bridged dmbpy complex, with the
only difference being that the mononuclear species is
the starting material. The ring-closure reaction will
compete with the formation of Cr(CO)6, which will in
turn depend on the selected concentration of free dab.
At high [dab], chelation will be rate-determining and
represent the limiting rate constant under such condi-
tions.
D. Overall Comparison and Suggested Mecha-

nism. Very similar kinetic trends were observed for all
the systems studied in this investigation. Independent
of whether the reaction is initiated thermally from the

isolated {Cr(CO)5}2(µ-dmbpy) or Cr(CO)5(dab) complexes
or photochemically from Cr(CO)6/bidentate ligand mix-
tures, the observed rate constants decrease significantly
on increasing the chelating ligand concentration (com-
pare Figures 3, 6, and S3). The limiting rate constant
clearly represents the ring-closure reaction of the Cr-
(CO)5(N-N) species in all cases. A general mechanism
that can account for all the observations is presented
in Scheme 3. The nature of the starting material in
solution will depend on the position of the first equilib-
rium between the bridged and the mononuclear com-
plexes, {Cr(CO)5}2(µ-N-N) and Cr(CO)5(N-N), where
N-N ) dmbpy or dab. The Cr(CO)5(S) species (S )
solvent), produced via thermal dissociation of the di-
nuclear complex or photoinduced CO dissociation from
Cr(CO)6, will in the presence of an excess of N-N be
almost fully converted to Cr(CO)5(N-N), followed by
rate-determining chelation to Cr(CO)4(N-N).
The equilibrium between the dinuclear complex and

the two Cr(CO)5 species in Scheme 3 exists in solution
and can account for the isolation of (CO)5Cr(µ-N-N)-
Cr(CO)5 in the dmbpy case. Moreover, the 1H and 13C
NMR spectra of isolated (CO)5Cr-N-N (N-N ) dab)
exhibit evidence for the formation of (CO)5Cr(µ-N-N)-
Cr(CO)5 in solution.20 We consider the formation of the
bridged species to be a dead end with respect to the ring-
closure process. We exclude a direct formation of the
chelated Cr(CO)4(N-N) from the bridged compound
because of the induction period as shown in Figure 1a.
All evidence we have at present indicates that the
mononuclear (CO)5Cr(N-N) species is the actual one
that undergoes ring closure. The formation of (CO)5Cr-
(S) and (CO)5Cr(µ-N-N)Cr(CO)5 should be considered
as side reactions that do not contribute to the formation
of the ring-closed (CO)4Cr(N-N) product. For all prac-
tical purposes the ring-closure kinetics is controlled by
the second part of Scheme 3, since the first part is
related to the rapid dissociation of the dimeric species.
We assume, on the basis of the activation parameters,
that the chelate complex formation involves dissociative
loss of a carbonyl ligand to produce a Cr(CO)4(N-N)(S)
ring-opened species which can undergo rapid ring
closure. The formation of such solvento species has been
suggested in the literature to result from the highly cis-
labilizing influence of the N-donor ligand.29,30 The
suggestion is supported by the observed behavior when
both potential ligands, dmbpy and CO, are available in
large excess. The rate for the formation of the ring-

(29) Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.
(30) Darensbourg, D. J.; Brown, T. L. Inorg. Chem. 1968, 7, 1679.

Figure 7. UV-vis spectral changes associated with the
formation of the Cr(CO)4(dab) chelate complex from Cr-
(CO)5(dab) (0.9 × 10-4 M) in the presence of excess dab
(80 mM) at a pressure of 150 MPa in n-hexane at 25 °C
and ∆t ) 30 min.

Scheme 3
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closed product is then decelerated to kobs ) 8.8 × 10-4

s-1, whereas the yield of the ring-closed species is high
(see Figure 2).
When the decay of Cr(CO)5(N-N), or of (CO)5Cr(µ-

dmbpy)Cr(CO)5 via Cr(CO)5(N-N), with formation of
(CO)4Cr(N-N) is monitored, kobs decreases with increas-
ing [N-N]. The rate law for the suggested mechanism
accounts for this observation. Application of the steady-
state approximation to Cr(CO)5(S) and ring-opened Cr-
(CO)4(N-N)(S) in Scheme 3 results in eq 16.

The higher value of kobs at low [N-N] is due to an
additional reaction path in which Cr(CO)5(N-N) de-
composes to Cr(CO)6 via the solvento species. This
decomposition is suppressed at higher [N-N], such that
only the slow ring-closure reaction is observed under
such conditions. There are related reports in the
literature in which the authors also observed a decrease
in the rate constant with increasing nucleophile
concentration.31-33 It was therefore assumed that par-
allel reaction pathways, involving the solvent, account
for this unexpected behavior.
The experimental data in Figures 3, 6, and S3 for the

chelation of Cr(CO)5(dmbpy) and Cr(CO)5(dab), respec-
tively, in the absence of added CO were fitted by a
nonlinear least-squares analysis to an approximate
expression (eq 17) for eq 16 under the assumption that

k-3[CO] , k4; i.e., ring closure is rapid compared to
recoordination of CO. The fits are presented as solid
lines in the figures, and the values for the fitted rate
constants are listed in Table 2. The k3 data calculated
in this way are in good agreement with the experimental
kobs values found at high [N-N] for the ring-closure
reaction. The almost constant value for k2[CO] is such
that it is usually significantly smaller than k1[N-N],
which accounts for the effective formation of the che-
lated complex, even in the presence of CO at high ligand
concentrations. The approximate rate law (17) does not,
of course, account for the lower kobs values observed for
the ring-closure reaction in CO-saturated solution con-
taining dmbpy in high concentration, since this behavior
can only be rationalized on the basis of the second term
in eq 16. The values of k1 are in agreement with the
higher nucleophilicity of the dab ligand as compared to
dmbpy.

The significantly higher value of k3 for chelation of
Cr(CO)5(dmbpy) as compared to k3 for chelation of Cr-
(CO)5(dab) is rather surprising, because of the lower
basicity of dmbpy (pKb ) 9.1) as compared to dab (pKb
) 3.3).34,35 The generally slower rates for dab ring
closure can be explained in terms of steric interaction
of the â-hydrogen in the mononuclear intermediate
complex. The relatively large steric interaction of the
CH group close to the metal center and the carbonyl
will support the rotation around the central C-C bond
in the case of the bpy type complexes, in contrast to the
less confined position in the dab complex.8 Similar
arguments were used to account for the very different
chelation rate constants found for ethylenediamine, dab,
bipyridine, and phenanthroline.9,11
The thermal and pressure activation parameters for

the investigated chelation reactions are summarized in
Table 1. The significantly different kobs values reported
for the ring closure of (CO)5Cr(dab) must be partially
due to the different solvents employed, n-heptane in the
thermal vs toluene in the photoinduced process. The
solvent will largely affect the ring-closure rate through
the solvation of the dangling N-donor and the dissociat-
ing CO. The thermal and photoinduced ring-closure
reactions exhibit very similar activation volumes under
limiting ligand concentration conditions, and the results
are such that they strongly support the operation of a
limiting dissociative (D) mechanism. Other examples
in the literature in which CO is displaced in a dissocia-
tive way have revealed volumes of activation of between
+14 and +24 cm3 mol-1. For example, the dissociative
substitution of CO in Cr(CO)4(phen) by P(OMe)3 as
entering nucleophile was characterized by a large
volume of activation of +13.8 ( 0.5 cm3mol-1.36 For the
dissociation of CO from [Ru3(CO)11/10]- cluster com-
pounds, activation volumes from +16 to +24 cm3 mol-1
were reported.37
The thermal activation parameters listed in Table 1

differ significantly, depending on the experimental
conditions selected for the measurements (see earlier
discussion). In a few cases the chelation reactions
exhibit ∆Hq values of more than 100 kJ mol-1 and
significantly positive ∆Sq values, which are typical for
dissociation of CO prior to ring closure.38 The larger
values for the activation enthalpy and entropy as well
as the lower activation volume in the case of the thermal
ring closure of the isolated Cr(CO)5(N-N) complexes,
compared to the lower values of the thermal activation
parameters and the higher volume of activation for the
photoinitiated reaction, can possibly be accounted for

(31) Schneider, K. J.; van Eldik, R. Organometallics 1990, 9, 92.
(32) Toma, H. E.; Malin, J. M.; Giesbrecht, E. Inorg. Chem. 1973,

12, 2084.
(33) Henderson, R. A.; Oglieve, K. E. J. Chem. Soc., Chem. Commun.

1994, 1961.

(34) CRC Handbook of Chemistry and Physics, 61st ed.; CRC: Boca
Raton, FL, 1981.

(35) Chakarova, P.; Budevsky, O. J. Electroanal. Chem. Interfacial
Electrochem. 1976, 73, 369.

(36) Schneider, K. J.; van Eldik, R. Organometallics 1990, 9, 1235.
(37) Taube, D. J.; van Eldik, R.; Ford, P. C. Organometallics 1987,

6, 125.
(38) Simões, J. A. M.; Beauchamp, J. L. Chem. Rev. 1990, 90, 629.

Table 2. Calculated Rate Constants for the Ring-Closure Reaction of Pentacarbonyl Complexes According
to Scheme 3 and Eq 17a

complex k-1k2[CO], s-2 k2[CO], s-1 k-1,c s-1 k1, M-1 s-1 k3, s-1

(CO)5Cr(µ-dmbpy)Cr(CO)5 3.7 × 10-3 0.97 3.8 × 10-3 260 1.7 × 10-3

Cr(CO)6 + hν + dmbpy 1.0 × 10-2 2.29 4.4 × 10-3 212 2.9 × 10-3

Cr(CO)5-dabb 9.8 × 10-5 1.12 8.7 × 10-5 562 2.3 × 10-5

a At 25 °C. b At 23 °C. c Calculated from k1k2[CO]/k2[CO].

kobs )
k-1k2[CO]

k1[N-N] + k2[CO]
+

k3k4
k-3[CO] + k4

(16)

kobs )
k-1k2[CO]

k1[N-N] + k2[CO]
+ k3 (17)
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in terms of the formation of Cr(CO)4(N-N)2 at high
ligand concentration. This species will also form the
ring-closed Cr(CO)4(N-N) complex according to a
dissociative mechanism path, but as seen from the
activation parameters, the leaving group (N-N) is
significantly larger (+17 > 12-14 cm3 mol-1, ∆Vq) and
were weakly bound to the Cr center (81 < 101-125 kJ
mol-1, ∆Hq) than CO in Cr(CO)5(N-N). This could also
explain the higher limiting kobs in the case of Cr(CO)6
+ dmbpy + hν as compared to the value for the isolated
compound (CO)5Cr(µ-dmbpy)Cr(CO)5.
We conclude that the results of this study have

contributed to resolving some apparent discrepancies
in the literature and have revealed the intimate nature
of the ring-closure reaction of pentacarbonylchromium
complexes in more detail. The competition with side
reactions, such as formation of bridged and bis-substi-
tuted compounds, solvento species, and recombination
with CO to produce the hexacarbonyl complex, compli-
cates the treatment and understanding of “simple”

chelation kinetics. However, when a sufficiently high
concentration of the chelating ligand is selected, then
clean ring-closure kinetics are obtained and all side
reactions can be largely suppressed. Important to note
is our definitive finding that these “simple” ring-closure
reactions do not follow the expected associative dis-
placement of CO but, rather, involve a prior rate-
determining dissociation of CO (displacement by sol-
vent) followed by a rapid ring-closure step.
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