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Abstract Gradient-corrected density-functional computations (BP86/ECP1 level) confirm the viabil-
ity of the recently proposed reaction pathway for imine metathesis with imidomolybdenum(V1) species
[Mo(NR),L,] (e.g., L, = Cl,, DME; R =tBu). In addition to a Chauvin-type [2+2] addition-elimination
mechanism, model calculations for the [Mg®H),] + NH, + CH,NH system corroborate the sus-
pected involvement of amido intermediates such as [M@OH)(NH,),] and

[Mo(NHCH,NH,)CL(NH)(NH,)] . Several catalytic cycles are characterised that differ in

the stereochemistry of the ligands about Mo. The lowest computed rate-determining barriers are only a
few kcal mof higher than that obtained for the Chauvin-type mechanism in the [iit@)L] + CH,NH

. .
systemvia [Mo(NHCH,NH)CI,(NH)] , provided the necessary H-atom transfers are catalysed effi-

ciently by traces of base.

Keywords Metathesis, Homogeneous catalysis, Density functional calculations, Reaction mechanisms

of activities or selectivities is sought. With the advent and
establishment of the powerful tools of computational chem-
o i i i istry [1] (especially those based on quantum mechanics)
Elucidation of reaction mechanisms in homogeneous catalyimportant mechanistic information can now be obtained theo-
sis is difficult, but may be rewarding when specific tailoring retically. In particular, mechanistic proposals, sometimes
based on circumstantial evidence or on pure speculation,
can be tested computationally and can either be corrobo-
Present addressviax-Planck-Institut fir Kohlenforschung, rated or, if unsurmountable barriers are obtained, refuted.
Kaiser-Wilhelm-Platz 1, D-45470 Milheim an der Ruhr, For instance, the recently reported imine metathesis pro-
Germany; Fax: +49-208-306-2996. moted by imidomolybdenum(VI) catalysts [2] (Scheme 1)
E-mail: buehl@mpi-muelheim.mpg.de has initially been suggested to proceed, in analogy to the

well-known olefin metathesis catalysed by related Mo com-

Dedicated to Professor Paul von Ragué Schleyer on the 0G5jaxes [31via a Chauvin-type [2 + 2] addition-elimination
casion of his 70birthday 2 31, ype [2 + 2]

Introduction



J. Mol. Model.200Q0 6 113

RA=NR XaMO(=ENY), RI R 1+ NH;
* cat. +
RN= ————  n
e v ©.0)

Scheme 1Imine metathesis promoted by imidomolybdent

catalysts \J
Ph tB /,
Bu N\=nPr N 1"% S
=t i
nMosNtBy  tBUN=N_ ~NPr
Ph Ph @*’@;‘E)
\ —NPr tBUN=—_
Ph 4h
n :
tBu ( = O) .\\ o
N tBu 3 P 0
| N tBu —g

L"%’\‘Ntsu anx”(N\ﬁ Q 4 D
\‘ i

Pr % )
N\ ph NPr Ph Yo e
° N o 7 e Ao~ rg4asa
Pr A > @ (14.1)
Scheme 2Proposed mechanism for imine metathesis bas 4a
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Scheme 3Alternative mechanism for imine metathesis ir ( )

volving amido- rather than imidometal species
Figure 1 Initiation of the amide route: formation of the
bis(amido) speciesvia the amine complexds(in parenthe-
sequence involving diazametallacyclobutane [4] and imises: energies in kcal mblrelative to the reactants, BP86/
Lewis-adduct intermediate8 @ndB, respectively, in SchemeECP1 + ZPE level)
2).
A subsequent density-functional study for the model sys-
tem [MoCL(NH),] (1) + CH,NH [5] has confirmed the vi- amount of amine in the imine substrates (which is always
ability of such a mechanism by characterisation of the corpgesent as contaminant). Therefore, the actual, active cata-
— lyst should arise from the reaction of the imidotantalum com-
sponding intermediategMo(NHCH,NH)CI,(NH)] (2) and plex with amine, affording most probably an amidotantalum
» species (cfC in Scheme 3). The key metathesis step of such
[MoCI(NH),(NHCH,)] (3), as well as the transition statgy pathway has been suggested by Meyer and co-workers [7]
between theml(S23). A notable rate-determining barrier hag, he the reversible formation of diazametallacyclobutane
been computed, 23.1 kcal mioin apparent consistency withytermedigesD andE, which differ fromA by the presence
the modest catalytic activity, i.e. with the more drastic reagr 5n additional H atom at one of the N donors. In order to
tion conditions (higher temperature and longer reaction timegheve metathesis, this H atom must be transferred from the
required for iminevs olefin metathesis. _ amine N atom to the amide N atom of the metallacycle.
Detailed kinetic studies of the imine-metathesis processcoyid such an amide-mediated mechanism also be com-
with the Mo-based catalyst have proven to be difficult, PrBetitive and operative in the imidomolybdensystem? A
sumably due to the occurrence of more than one pathw@sity-functional study is now presented for the model re-
[6]. This conjecture has received support from results fopaion of 1 with NH, (as parent amine) and for the involve-
related B-based system, [Tafllp*(NR)] [7]: the rate of ment of the possible reaction products in subsequent meta-
imine metathesis has been found to depend decisively onif{i&;is reaction with imine, GNH. Several possible path-
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ways are considered, and indeed the lowest barriers are fol

¥
to be comparable to those of the Chauvin mechamisn2 @ )
and3. . ‘ﬁ\\@/&@
Computational details FIN=CH,

Density-functional theory (DFT) is now well established as
tool to compute geometries and energetics of transition-me ¢4 _é,
compounds reliably [8]. The same DFT-based methods a ‘g;)/
basis sets as in the previous study of the title reaction [ ¢
have been employed, i.e. geometries have been fully optimis (éf;})
using the exchange and correlation functionals of Becke[¢
and Perdew [10], respectivetggether with a fine integra-
tion grid (75 radial shells with 302 angular points per shell
a relativistic MEFIT effective core potential with the corre-
sponding [6s5p3d] valence basis for Mo [11], and standa
6-31G* basis set [12fpr all other elements. This level is TSEbTb
denoted BP86/ECP1. The nature of the stationary points t (22
been verified by calculations of harmonic vibrational frequen-
cies (none and one imaginary frequency for minima and tran-
sition structures, respectively), from which zero-point endrigure 2 Catalytic cycle (path I) for imine metathesis in-
gies (ZPEs) have also been obtained. Geometries and ev@ring bis(amidepa (in parentheses: energies in kcal-rhol
gies (including ZPEs) are given as Supplementary Materiglative to the reactants, BP86/ECP1 + ZPE level)
Unless otherwise noted, energies are reported relative to the
isolated reactants at the BP86/ECP1 + ZPE level, i.e. includ-
ing zero-point coections.All computations have been perbis(amide)5a from 4a is computed to be endothermic by
formed with the Gaussian suite of programs [13]. almost 10 kcal mdl (Figure 1). A corresponding Hamsfer
in 4b (location of the transition structure not attempted) af-
fords 5b, slightly less stable thaba

Finally, in4aan H atom can be transferred from the,;NH
ligand to the imino group itnansposition. This process would
, . ) . have to take place inter-, rather than intramolecularly or un-
In the first step] reacts with ammonia NHunder formation ygr acjg/base catalysis. Upon optimisation of the presumed
of Lewis-base complexei(Figurel). Aswithimine CHNH, o046t of such a transfdc’ in Figure 1,5¢ was obtained.
cqmplexatlon can oceur eithérans toa Cl Ilgand 4b) o1, The coordination geometry fa and5b could be described
slightly lower in energylrans to an imido mmetyé(a), AS  as trigonal bipyrimidal (tbp) and square pyramidal (sp) with
expected, formation of the amine compliais computed 0 +he imido group in equatorial and apical positions, respec-
be more favourable than formation of the correspondmg IMiRE1y. In contrastscadopts a thp conformation with the imido
adduct QE = -16.4vs -12.5 kcal mot [5], respectively). |igand in axial position and is by far the most stable of these
Hence, the Mo catalyst would indeed preferentially bind aiy \ars. This result comes to a surprise since in pentacoor-

amine present, rather than the imine substrates. dinate complexes, ligands with the strestirans-effect [14]

Conversion of the initial amine complex(es) to the Preang 1o avoid sites in direct opposition to other ligands [15].

posed amido intermediates requires the transfer of a H atefnation ofsc from 4ais only slightly endothermic (by ca.

from the amine to an imido ligand. The corresponding tragyca| moft) and should be easily achievable under the ex-
sition state for intramolecular H-transfer 4a has been lo- perimental conditions.

cated [S4a5a Figure 1). Due to the strain in the four-mem- Starting from5a, the most stable isomer accessibla

bered cyclic transition structure the barrier on the potentigli s molecular H-transfer. a catalvti

- ; : - , ytic cycle (path I) was com-
energy surface (PES) IS conyderab}e, 30.5 keaf'math e according to Scheme 3. Both envisaged intermediates
respect tda However, this value certainly represents an Upp8and E are indeed true minima on the PER @and 6b
limit since tunnelling (not accounted for in the present Bigure 2). In both metallacycles, the Mo-NRY distancés
proach) would reduce the barrier 5|gn|f|carjt!y. Moreovey, o significantly longer than the Mo-N(HR) bond lengths (e.g.
proton transfer can often be catalysed very efficiently by tracegngy,s1.982 A in6b); 6a and6b should therefore be de-

of Brgnsted acids or, in the present case, Bransted _b%'?f‘?%ed as intramolecular Lewis-base adducts, rather than as
(amines and imines). It is therefore unclear at this pointf,o diazametallacyclobutanes [16].

this process would actually be rate-determining in the Mo pigsqciation of the imine froria and6b does not afford
system. In any event it is noteworthy that formation of thgs giamidesa directly, but poceedsvia the imine Lewis

>,

TS6a6b
(24.1)

Results and discussion
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TS6d7d
(+0.5)

Figure 3 Alternative catalytic cycle (path Il) for imine me+Figure 4 Alternative catalytic cycle (path IIl) for imine me-
tathesis involving bis(amidé&b (in parentheses: energies intathesis involving bis(amidé&gc (in parentheses: energies in
kcal-mot! relative to the reactants, BP86/ECP1 + ZPE leveKcal-mof' relative to the reactants, BP86/ECP1 + ZPE level)

adducts7a and 7b, via the transition structuréeS6a7aand The driving force for théa — 6b rearrangement is con-
TS6b7hb, respectively. Little activation (other than theiderable, more than 8 kcal mpland6b has the lowest en-
endothermicity of the process) is expected for imine dissergy in the whole cycle and would thus be the resting state.
ciation from7aand7b to the common produc&+ CH,NH.  The highest point (excluding H-traesj isTS6b7b, i.e. imine
A preliminary search for the corresponding transition statgissociation fron6b. The energy between the two, 29.3 kcal
indicated that their energies on the potential energy surfacet!, would thus be the rate-determining barrier for this cy-
would be similar to or even slightly lowérthan those oba cle. This value is noticeably higher than that computed for
and CHNH combined. Formation or dissociative decay dhe parent Chauvin-type mechanism, 23.1 kcat'ns}, ap-
the Lewis adduct3x should therefore not be rate-determirparently disfavouring the amide route for the Mo system.
ing and no attempts have been made to compute the correHowever, path | displayed in Figure 2 is not the only con-
sponding barriers in the catalytic cycles. ceivable one for the model system. Using the {Mo(NR}}
Scrambling of the two N atoms in the cyclicdadts6a ring as reference, several permutations of the remaining four
and6b (and, thus, imine metathesis) is accomplished by Hands about Mo are possible. These will be discussed in the
atom transfer from the NHo the NH group within the ring. remainder of this section.
The transition state for the corresponding intramolecular proc-For instance, exchanging the terminal Nid one of the
ess, TS6a6b, has been located and is included in Figure @l ligands affords a new set of stationary points, path Il (Fig-
Compared to the preceding H-transfer fréato 5a, an even ure 3, no further transition structures for H-transfer have been
larger activation barrier is found, 47 kcal mdrelative to optimised). Minima and transition states along paths | and Il
6a), due to the increased strain in the bicy@l®6a6h Simi- share the same salient feasir Thus, the lowest point on
larly large barriers have been computed for intramolecufzth 11 is6d, from which imine dissoctaonvia TS6d7dwould
H-transfer processes in cationic zirconocene complexes wWithrate-determining. The resulting barrier, 30.3 kcatmisl
comparable topology [18]. Even when allowing for apprea@imilar to, and even slightly higher than that for path I.
able decrease due to tunnelling, a 47 kcatnbalrrier would Another cycle, path 1l (Figure 4), can be constructed from
seem excessively high. The catalytic cycle in Figure 2 woudth 1l by exchanging the terminal NH and Nigands (or
therefore be only viable if the critical H-transfer fré@ato from path | by a 120° rotation of the {MoCI(NH)(N}} “tri-
6b would be catalysed efficiently by the Brgnsted basped”). Again, the energetic profile of path Ill is very similar
present, as discussed above. to those of the other two pathways. Imine dissociation from
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transto NH, an unexpected result was obtained: starting from
5b + HN=CH 69’ with an octahedral arrangement about Mo and terminal

(-6.5) NH and NH, moietiestrans to each other, the optimisation
afforded6g (Figure 5). In the course of this optimisation, the
terminal NH, grouptransto the imido function is pushed up
in between the two CI ligands, resulting in an unusual coor-
dination geometry, somewhere in between that of a pentago-
nal pyramid and an octahedr \hen viewed along an axis
passing through the Mo and C atongg} appears to be re-
lated to6a by a 60° rotation of the four-membered ring with
respect to the remainder of the molecule (compare the two
structures on bottom of Figure 5). In fact, in an attempt to
dissociate CENH from 69 (i.e. to locate the transition state
by elongating the appropriate N-C and Mo-N bonds), the
structure collapsed TS6a7aduring optimisation. Only when
the search was started from a hypothetical structurégke
a transition state connecting to the Lewis addigatould be
located S6g7g not shown in Figure 5). Among the respec-
tive isomeric formsI S6x7xand6x, bothTS6g7gand6g are
the least stable species (relative energies +8.3 and -22.5 kcal
mol?, respectively). Moreover, the energetic separation be-
tween the two, 30.8 kcal mylis higher than the barriers of
paths | - Il discussed above. Hence, it is unlikely that a path
involving intermediates such &g would be favourable for
imine metathesis.

Proton transfer iGgwould afford the mirror image thereof
(this can be seen more easily in the hypothetical strutire
with the same topology, Figure 5); formation of the mirror
image of7g and imine dissociation would complete this cy-
cle, path IV. Schematic energy profiles for all paths are com-
pared in Figure 6, illustrating the overall similarity of paths |
- lll, but also the variations in relative stabilities of the corre-
sponding isomers.

The lowest barrier is obtained for path Ill, 26.7 kcal-fnol
This value is not much higher than that computed for the
Chauvin mechanism, 23.1 kcal nidb], thereby confirming
the amide route at least as viable alternative. Computed dif-
ferences in activation energies of less than 4 kcai'rfanl
the two mechanistic alternatives may well be within the un-
certainty of the chosen theoretical method. In addition, ki-
netic preferences in the chain initiation (e.g. preferred for-
mation of amine over imine Lewis adducts) could well be
important for the overall observed rates.

Thus, in the real system, both Chauvin and amide path-
ways could indeed be operative in parallel. For the model
Figure 5 Entry into alternative catalytic cycle (path V) forChauvin mechanism, substitution of the Cl ligands with other
imine metathesis involving bis(amidst) and relation of the groups (F, Br, OMe, OCJrhas resulted in only minor changes
key intermediatégto 6a on path I (in parentheses: energiesf the computed rate-determining barrier. It would be inter-
in kcal-mot* relative to the reactants, BP86/ECP1 + ZPIesting to probe computationally if the same would be true in
level) the amide route or if other substituents could actually lower

the barrier and could, thus, increase the catalytic activity.
Unfortunately, the complexity of the amide mechanism with
the resting statéf is indicated to be rate-determining with d&s manifold of possible pathways makes such a study of
barrier of 26.7 kcal md} the lowest value so far in the amideubstituent effects very cumbersome.
route. Entry into path 11l would occwia 5c, the most stable It has been assumed so far that the crucial H-transfer oc-
of the bis(amido) isomers, providing additional kinetic pre&urs within the four-membered ring, for instance leading from
erence for this route. 6ato 6b (Figure 2). For the model system it is also conceiv-

In an attempt to construct the fourth and last cycle froable, however, that such a transfer could involve the terminal

path Il by exchanging the terminal Nind the Cl ligand NH and NH, groups. If an H atom could be transferred from
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the latter to the former &b, intermediat&awould be formed - T8
back, but now with scrambled N atoms in the ring (denot |
6a’). Thus, the following reaction sequence,

TS6d70

o T\'
|
i

186c7e

7a - 6a - 6b - 6a - 7a (1)

would also bring about imine metathesis. Since intermedi: ]
7b and the transition state for its formation are bypassed | i
this path, the point with highest energyTiS6a7a The re- ol
sulting rate-determining barrier (with respect@io) is only -
25.0 kcal mat, the lowest barrier of all the pathways studie
here. ]
In the real system, such a process would require the pi _ |
ence of two Mo-NHR groups in the initial bis(amide) (Cf.
in Scheme 3), which could arise from the initiation reaction
with primary amines (traces of which could always be
present). Mixed Mo imido/amido complexes are known, for
instance [Mo(NAr)(NHAr,)] (Ar = 2,6-GH,iPr,) [19], but
no H-transfer between these two types of ligands can be @@- octahedrally coordinated model complexes. Excluding
tected on the NMR time scale. Thus, the central step in firansfer, rate-determining barriers between 26.7 and 30.8
(1), the 6b — 6a’ conversion, is unlikely to occur. The exycal molt have been obtained for these pathways, the lowest
pected low basicity of the imido nitrogen atom [20] wouldgjye of which is not much higher than that computed previ-
prob_ably preclude the necessary efficient acid/base catalyﬂgw for the Chauvin-type [2 + 2] mechanism, 23.1 kcal
of this proton transfer. H-transfer within the four-memberggo1 |nitiation of the amide route is indicated to be favoured
ring is not affected by this argument since the lone pair at fhgyr the entry into the Chauvin pathwésince 1 forms a
“target” N atom is not involved in the bonding to the metglore stable Lewis adduct with Nithan with imine). Taken
(note the degree of pyramidalisation of the N atom in qugggether, these results indicate that the recently proposed
tion in6a, 6¢,and6ein Figures 2-5) and could participate iymide route is indeed a viable pathway for the Mo-based
such acid/base reactions. catalysts and that this route may well be competitive to the
previously suggested Chauvin-type rhagism. The DFT
results thus corroborate the conjecture that imidomolybdenum
Conclusion complexes are not well-defined single-site catalysts for imine
metathesis.

path T
path 11

path 111
path IV’

gure 6 Schematic energy profile comparing paths | - IV
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metathesis, the amide route, has been investiga
computationally for the model system [Mg@MH),] (1) +

NH, + CH,NH. Chain initiation can occur by rearrangeme
of the primary [MoCJ(NH),(NH,)] adduct to a bis(amido)
species, [MoCI(NH)(NH,),], which subsequently adds th
imine under formation of a

The viability of a new proposed mechanism for catalytic imiré?/

I—
[Mo(NHCH ,NH5)CI(NH)(NH )] metallacycle (or rather,

intramolecular Lewis adduct). H transfer within the fouSupplementary Material available BP86/ECP1 optimised
membered ring, from the NHo the NH group, and elimina-energies and Cartesian coordinates, as well as zero-point en-
tion of imine results in a scrambling of the N atoms betwegfgies of all isomers af - 7 and all transition structures dis-
the Mo complex and the imine and, thus, in overall imiriéissed in the text are available in XYZ-format.
metathesis.
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