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Abstract

The addition of a series of 2- and 4-substituted imidazoles to unsaturated Fischer carbene complexes of the
type (CO)sMC[(OC,H;)C,C¢Hs] was studied as a function of temperature and pressure. A comparison of the
data for the addition of the 2- and 4-substituted imidazoles enables a discussion of steric and electronic effects
that control the rate of the addition process. The reported activation parameters are used to discuss the mechanism
of the addition process in comparison to related addition reactions of amines and pyrazoles reported in the
literature. The data in combination with kinetic isotope effect measurements clearly reflect that the reactions
proceed via a two-step process with a zwitterionic intermediate.
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Introduction

We have in recent years developed an interest in
the mechanistic details of Michael-type addition re-
actions of amines to «,B-unsaturated Fischer carbene
complexes to form B-aminovinyl-substituted products.
Such reactions are well-known [1-7] because of their
role as intermediates in organic synthesis reactions via
organometallics. The presence of the pentacarbonyl-
carbene fragment assists the delocalization of charge
density and results in a tremendous acceleration of the
addition reaction. Thus the use of organometallic species
has a significant advantage over the pure organic re-
action. From a mechanistic point of view it is not only
our goal to clarify the underlying reaction mechanism,
but also to determine in what way such addition pro-
cesses can be tuned via steric and electronic effects.

Earlier work from our laboratory reported on the
temperature, pressure and solvent dependence of the
addition of pyrrolidine to a series of «,B-unsaturated
Fischer carbene complexes [8]. The basicity of the
amine plays a crucial role in determining the rate of
the addition process [9], as found for the addition of
a series of para-substituted anilines. The pressure de-
pendence of the latter reactions indicated that the
faster reactions proceed via an ‘early’ (reactant-like)
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transition state, whereas the slower reactions proceed
via a ‘late’ (product-like) transition state. The electronic
tuning via the basicity of the amine can cause seven
orders of magnitude increase in the rate constant for
the addition process. The investigated reactions follow
a two-step process in which nitrogen—carbon bond for-
mation is followed by a rapid intramolecular proton
transfer step [8, 9]. The solvent dependence [8, 10] of
these reactions indicates that the transition state for
the addition step is significantly more polar than the
reactant state and leads to the formation of a zwitterionic
intermediate.

We have now extended this work to focus in more
detail on the effect of steric hindrance on the amine.
We have studied the addition of a series of 2- and 4-
substituted imidazoles to Fischer carbene complexes of
the type (CO);MC[(OC,H;)C,CHs] (M=Cr, W) ac-
cording to reaction (1). It was our objective to gain
insight into the intimate nature of the mechanism in
comparison to the other systems mentioned above.
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Furthermore, we wanted to distinguish between basicity
and steric hindrance as crucial parameters for the
addition process.

Experimental

Materials

All experiments were carried out under an atmosphere
of argon. Glassware was soaked in KOH-saturated i-
propanol, rinsed thoroughly with distilled water, and
oven dried at 100 °C. The carbene complexes were
synthesized by literature procedures as described before
[1, 11]. Imidazole and its derivatives were purchased
in the purest grade available (Merck or Fluka). Prior
to use, the imidazoles were recrystallized from water
and dried over P,O.. Acetonitrile was dried by standard
methods (molecular sieves), distilled in the usual way
and then stored under an atmosphere of argon.

Instrumentation and characterization of the products

For a variety of substituted imidazoles, the char-
acterization was done by in situ "H NMR spectroscopy
and the adducts were similar to other products obtained
inrelated studies [8, 9]. The NMR spectra were recorded
on a Bruker AM 400 WB spectrometer with CDCl; as
internal reference.

Synthesis of N-deuterioimidazole

Imidazole was dissolved in deuterium oxide by heat-
ing. The clear solution was refluxed and stirred for 24
h and the deuterioimidazole was obtained as a solid
by cooling the solution. The solid was dried over P,Os,
and the extent of deuteration was checked by 'H NMR.

Kinetic measurements

Depending on the rate of the reaction, the overall
addition process was studied at ambient pressure by
using a UV-Vis spectrophotometer (Shimadzu UV-250
or Varian Cary 1) or a stopped-flow unit (Durrum
D110). The progress of the reaction was usually followed
by the appearance of the product MLCT band at 400
nm. The high-pressure kinetic measurements were either
performed on a homemade high-pressure stopped-flow
unit [12] or on a Zeiss DMR10 spectrophotometer
equipped with a high-pressure cell [13]. In the latter
case solutions were placed in a quartz pillbox cell [14]
using a special filling technique [15]. All spectroscopic
instruments were thermostated at +0.1 °C, and the
reactions were carried out under pseudo-first-order
conditions by using a large excess of the imidazoles.
Reactions were followed for at least 3 half-lives, and
an infinity absorbance program was employed to cal-
culate the rate constants. Stopped-flow data acquisition
and handling were performed on an on-line computer

system [16]. The corresponding first-order plots were
linear over the studied time range, and the estimated
rate constants were reproducible to within 5%.

Results and discussion

The addition reactions outlined in eqn. (1) in general
produce adducts of the type shown and are accompanied
by characteristic changes in the MLCT (7—=*) bands
[17, 18] as indicated in Fig. 1. The reactions exhibit
clean isosbestic points for at least three half-lives of
the reaction, and kinetic measurements were performed
at 400 nm. The appearance of the product MLCT bands
depends slightly on the nature and the position of the
substituent, whereas for the corresponding addition of
substituted anilines to identical carbene complexes,
larger differences in the MLCT band of the products
were observed [9]. The reaction was studied for seven
different imidazoles and for two different carbene com-
plexes, and in all cases the pseudo-first-order rate
constant varied linearly with the imidazole concentration
over the investigated concentration range. The selection
of the concentration range was limited by the experience
that not all imidazoles were soluble enough in ace-
tonitrile and by the fact that in some cases deviations
from the linear concentration dependence were ob-
served at higher concentrations. However, under the
selected conditions all plots of k., versus [imidazole]
were linear and exhibited no meaningful intercepts, as
demonstrated in Table 1 and Fig. 2, such that &, can
be expressed as indicated in eqn. (2).

kous =k[imidazole] 2

The absence of a significant intercept indicates that,
under the selected conditions, no parallel concentration
independent reaction occurs and that the reaction is
not reversible. This result is in good agreement with
the earlier investigated amine and pyrazole systems [8,
9].

The temperature and the pressure dependence of
k.. 1s also included in Table 1. The rate and activation
parameters for the series of investigated imidazoles are
summarized in Table 2, and for the different metals
the activation parameters are reported in Table 3. Plots
of In k,, versus pressure were linear (see typical example
in Fig. 3) within the experimental error limits over the
investigated pressure range, and AV'” values were cal-
culated from the slope (= — AV ™*/RT) of such plots in
the usual way [19].

The data in Table 2 clearly show a dependence of
the second-order rate constant k£ on the nature and
position of the substituent on imidazole. In total k
increases c¢. 50-fold on going from 2-phenyl- to
4-methylimidazole. The introduction of a substituent
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Fig. 1. Repetitive scan spectra for reaction (1) in acetonitrile at 25 °C. Experimental conditions: [W]=1x10"%M, [imidazole]=1.1x 10~*

M, Ar=120 s.

in position 2 has a significant influence on the basicity
of the N-donor. In the case of 2-methyl-, 2-ethyl- and
2-isopropylimidazole, electron donating properties
cause an increase in basicity, which is not accompanied
by the expected increase in k. The latter value is
presumably strongly affected by steric hindrance at the
N-donor atom caused by substitution in this position,
which results in a steady decrease in k on increasing
the bulkiness of the substituent. In the case of 2-
phenylimidazole, electron-withdrawing properties cause
a decrease in basicity on the N-donor, which is ac-
companied by a decrease in k. However, steric arguments
could also partially account for the observed decrease
in k. The introduction of substituents in the 4 position
also significantly affects the basicity of the N-donor
atom along the lines expected. The increase in basicity
for 4-methylimidazole causes an increase in k, whereas
a decrease in basicity for 4-phenylimidazole causes a
significant decrease in k.

It follows from these trends that electronic and steric
effects can account for the observed variation of & for
substituents in the 2 and 4 position. A direct comparison
of the values of k for methyl- and phenylimidazole
clearly shows that the reactions are significantly faster
for substitution in the 4 position as compared to the
2 position with respect to the N-donor atom.

The relatively low AH™ and significantly negative
AS™ values indicate that the rate-determining step of
the reaction is an addition process that involves car-
bon-nitrogen bond formation betwecen the carbene com-
plex and the imidazole ligands. The Al'” values are
also significantly negative and support substantial bond
formation and a highly structured transition state. The

reported activation parameters in Tables 2 and 3 are
all in good agreement with the earlier investigated
aniline and pyrrolidine systems [8, 9]. The studied
reactions are significantly slower than for pyrrolidine,
which is most probably related to the higher basicity
in the latter case. This is also reflected in lower AH *
and more negative AV* values for the reactions with
pyrrolidine. The imidazole reactions exhibit higher AH *
and more positive AV™ values. On the basis of the
observed differences in AV'™ for these ligands, it is
understandable that rather similar AV~ values are found
for the series of reactions in Table 2 where only a
moderate variation in k exists. The AV ” values obtained
in this study are all in an absolute way significantly
smaller than those reported before for the addition of
a series of p-substituted anilines [9]. For a reaction
with a rate constant similar to that reported in Table
2, viz. the addition of p-methylaniline, the reported
AV” value is —21.14+1.0 cm® mol~! as compared to
an average value of —12.4 cm® mol~" in Table 2. This
difference is most probably related to the polar nature
of the transition state, since the s« system in the
imidazoles can distribute the charge density more evenly
over the heteroatomic ring, including the N-donor atom,
than in the case of the p-substituted anilines. This will
cause a smaller electrostriction effect, and therefore a
less negative AV™ value [19]. A similar effect was
observed for the addition of pyrazole [10] and pyrrolidine
[8], where the dipole moment of the transition state
is significantly smaller for the pyrazole than for the
pyrrolidine reaction [10].

The data in Table 3 clearly demonstrate that the
reactivity of the carbene complexes increases on going
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TABLE 1. Kinetic data for the reaction of pentacar- TABLE 1. (continued)
bonyl[ethoxy(phenylethynyl)carbene]tungsten(0) with imidazoles
in acetonitrile as solvent

Imidazole [Imidazole] Temp. P 10% X Kops
(M) CC)  (MPa) (7))
Imidazole [Imidazole] Temp. P 102 X kg
(M) °C) (MPa)  (s71) 2-Ph 0.06 0.659 +0.004
0.08 0.851+0.006
2-H 0.02 19.9 0.1 5.024+0.04 0.10 1.03+£0.01
25.0 6.06 +0.13 0.06 20.0 0.485 1+ 0.002
30.2 7.16+0.07 251 0.659 +0.004
349 8.44+0.09 30.1 0.848 +0.007
399 11.1 +£0.09 35.0 1.15+0.01
25.0 10 7.18+0.28 40.1 1.61+0.03
50 8.44+0.15 0.01 10.0 5 0.0567 +£0.0010
100 123403 25 0.0641 +£0.0008
150 142404 50 0.0711 +0.0007
2-Me 0.025 25.0 01  7.80%0.01 100 0.0866 +0.0020
0.05 15.7+0.1 4-Me 0.025 25.1 0.1 11.8+0.1
0.075 22.7+0.2 0.05 21.6+0.1
0.10 29.4+0.2 0.1 38.3+0.3
0.075 15.9 18.3£0.2 0.025 15.0 6.77+0.05
20.3 20.440.1 20.4 8.96+0.05
25.6 25.44+04 25.1 11.8+0.1
30.2 30.1+0.4 30.1 14.1+0.1
34.8 36.6+0.9 351 18.040.1
0.05 25.0 10 15.6+0.7 0.05 25.0 10 19.41+.0.4
50 20.44+0.9 50 225104
100 29.240.9 100 28.7+0.2
150 40.1+09 150 342111
2-Et 0.01 250 0.1 2.044+0.06 4-Ph 0.005 25.0 0.1 0.197 4 0.001
0.02 4,06+0.03 0.01 0.374 +0.001
0.04 8.5340.07 0.02 0.765 +0.004
0.06 12.0+0.2 0.035 1.21+0.01
0.08 16.9+0.2 0.05 1.634+0.01
0.10 19.8+0.2 0.02 15.0 0.397 £ 0.002
0.04 20.2 6.98+£0.10 20.0 0.540+0.002
25.0 8.53+0.07 25.0 0.765 +0.004
30.0 9.8540.05 30.0 0.992 4+ 0.002
350 11.24+0.2 35.0 1.38+0.04
399 13.4+0.3 0.02 35.0 10 1.53+0.04
0.06 25.0 10 124+0.9 50 1.93+0.09
50 16.9+0.4 100 2.51+0.02
100 199+1.2 150 331+0.03
150 24.3+0.5
2-i-Pr 0.01 25.1 0.1 1.21+0.04
0.02 2.4340.03
0.04 4.72+0.03
0.06 7.1440.01 5
0.10 12.04+0.1
0.06 15.1 525+0.04 4
20.1 6.16 £0.07
251 7.14 +0.01 —
30.6 8.45 +0.04 3
352 9.55+0.02 K
0.05 25.0 10 5.68+0.13 X2l
25 6.14 £ 0.06 -
50 6.85+0.05
75 7.63+0.28 i
100 8.88+0.11
2-Ph 0.01 25.1 0.1 0.120+0.005 % Y p 5
0.02 0.27440.007 .
0.04 0.518+0.003 [ imidazole ] x 10, M
0.05 0.573 +£0.001 Fig. 2. Plots of k, vs. [imidazole] for reaction (1) in acetonitrile

(continued) at 25 °C.
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TABLE 2. Rate and activation parameters for the addition of 2- and 4-substituted imidazoles to (CO5)WC[(OC,H,)(C,C¢Hs)] in

acetonitrile as outlined in reaction (1)

Imidazole pK.2 koog AH™ AS* AV*
M-ts™h (k3 mol™") (J mol~! K™Y (cm® mol™1)
2-H 6.95 2.72+0.04 2742 ~146+7 —12.540.8
2-Me 7.86 2.88+0.07 25+2 —15145 —16.840.3
2-Et 8.00 2.01+0.06 23+1 —166+4 -10.8+0.9
2-i-Pr 1.204+0.01 19+1 —178+1 —12.040.5
2-Ph 6.39 0.098 +-0.004 4342 ~121+5 —10.240.7¢
4-Me 7.52 4.740.3 33+1 —121+4 —10.34+0.5
4-Ph 6.00 0.35+0.01 43+1 —108 +3 —-14.1+0.2°
"Ref. 20. *Determined at 308.16 K. ‘“Determined at 283.16 K.
TABLE 3. Rate and activation parameters for the reaction of
(COs)MC(OC,H;)(C,CHs)] with imidazole R
. N\ﬁ/ Kk
R + —_—
Metal Ky AH* AS*® N &NH AN
M- ts™y (kI mol™") (I mol™!'K™!) (cm® mol™!) M(CO),
]
(¢}
Cr 1374004 3141 —140+3 —14.74+0.8* \Et
W 2.7240.04 2742 —146+7 -12.5+08
“Determined at 317.16 K. - (3)
! 0 R
O Y
st % ; >\—N H
) ast
B —_ R -1, —> 2 —
. C —M(CO),
0
-3.2 |
" L/ i L
-3.4 (
EY1S M=CrW
k4
r=
3.8 . . .
Beside the reported activation parameters, the mech-
-4 ( anism is supported by the absence of a significant
42 isotope effect in the case of deuterioimidazole, viz.
kpiki;=1.00:1.10. The observed effect is of secondary
44, 0 P 150 nature and underlines the operation of a two-step

Prassure , MPa

Fig. 3. Effect of pressure on k,, for reaction (1) in acetonitrile
at 35 °C. Experimental conditions: {W]=1.1x10"* M; [4-phen-
ylimidazole] =0.02 M.

from chromium to tungsten. This effect of the metal
on the reactivity is also known from all other investigated
addition reactions with amines and pyrazoles [8, 9],
and furthermore established for [2+2] cycloaddition
studies on such a, B-acetylene carbene complexes [21].

We conclude that the addition reactions of imidazoles
to a, B-unsaturated Fischer carbene complexes also oc-
cur according to the previously established two-step
mechanism [8, 9]. Significant bond formation takes place
in the polar transition state, which is passed through
in the rate-determining step to produce an unstable
zwitterionic intermediate, which then rapidly leads to
the final product as shown in eqn. (3).

mechanism in which nitrogen—carbon bond formation
is followed by a rapid intramolecular proton transfer
from the imidazole nitrogen to the C2 carbon atom of
the carbene complex in the final product. Steric effects
of substituents close to the N-donor atom cause an
overlap with electronic (mesomeric) effects in terms of
tuning the rate of the addition process. A comparison
of the data for substituents at different sites to the
donor atom allows us to distinguish between basicity
and steric hindrance as controlling parameter.

Acknowledgements

The authors gratefully acknowledge financial support
from the Volkswagen-Stiftung, Deutsche Forschungs-
gemeinschaft and Fonds der Chemischen Industrie.



212

References

E.O. Fischer and F.R. Kreissl, J. Organomet. Chem., 35 (1972)
C47.

E.O. Fischer and H.J. Kalder, J. Organomer. Chem., 131 (1977)
57.

M. Duetsch, R. Lackmann, F. Stein and A. de Meijere, Synlets,
(1991) 324; M. Duetsch, F. Stein, R. Lackmann, E. Pohl, R.
Herbst-Irmer and A. de Meijere, Chem. Ber., 125 (1992) 2051;
F. Stein, M. Duetsch, E. Pohl, R. Herbst-Irmer and A. de
Meijere, Organometallics, 12 (1993) 2556.

R. Aumann and P. Hinterding, Chem. Ber., 123 (1990) 611.
R. Aumann, P. Hinterding, C. Kriiger and P. Betz, Chem.
Ber., 123 (1990) 1847.

R. Aumann and P. Hinterding, Chem. Ber., 123 (1990) 2047.

L. Lattuda, E. Licandro, A. Papagni, S. Mairona, A.C. Villa

and C. Guastini, J. Chem. Soc., Chern. Commun., (1988) 1092.

R. Pipoh, R. van Eldik and G. Henkel, Organometallics, 12
(1993) 2236.
R. Pipoh and R. van Eldik, Organometallics, 12 (1993) 2668.

11

12

13

14

15

16

17
18

19

20

21

R. Pipoh, P. Martinez and R. van Eldik, Ber. Bunsenges. Phys.
Chem., 97 (1993) 1435,

K.H. D6tz and W. Kuhn, J. Organomet. Chem., 286 (1985)
C23.

R. van Eldik, W. Gaede, S. Wieland, J. Kraft, M. Spitzer
and D.A. Palmer, Rev. Sci. Instrum., 64 (1993) 1355.

F.K. Fleischmann, E.G. Conze, D.R. Stranks and H. Kelm,
Rev. Sci. Instrum., 45 (1974) 1427.

W.J. le Noble and R. Schlott, Rev. Sci. Instrum., 47 (1976)
770.

S. Wieland and R. van Eldik, Rev. Sci. Instrum., 60 (1989)
955.

J. Kraft, S. Wieland, U. Kraft and R. van Eldik, GIT Fachz.
Lab., 31 (1987) 560.

E.O. Fischer and M. Leupold, Chem. Ber, 105 (1972) 599.
E.O. Fischecr and B. Hcckl, J. Organomet. Chem., 28 (1971)
359.

R. van Eldik, T. Asano and W.J. le Noble, Chem. Rev., 89
(1989) 549.

A. Weissberger, The Chemistry of Heterocyclic Compounds,
Interscience, New York, 1953.

R. Pipoh, R. van Eldik, S.L.B. Wang and W.D. Wulff,
Organometallics, 11 (1992) 490.



