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Density Functional Calculations of Mo NMR Chemical Shifts:
Applications to Model Catalysts for Imine Metathesis

Michael Biihl?!
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Abstract: Nonlocal density functional
theory is used to the compute geome-
tries and Mo chemical shifts of
MoO,*~, M0o0,;S?~, M00O,S,>~, MoOS;?>-,
MoS*, MoSe, [Mo(CO)],
[Mo(CsH;)(CO);H], [Mo(CqHp),],
[Mo,(OMe);], and [Mo,(O,CH),]. For
this set of compounds, the effect of the
substituents on d(**Mo) are described
well by pure density functionals; how-

predicted for [Mo(NH),X,] (X=F, Cl,
Br, OMe, OCF;), which are model com-
pounds for imine-metathesis catalysts.
The mechanism of imine metathesis with
these model catalysts is studied, and the
key step is indicated to be the reversible
formation of a diazametallacycle from
the initial [Mo(NH),X,(NH=CH,)]| ad-
duct. This process can occur via two
distinct transition states which have

different stereochemistry. For various
X, the 6(**Mo) values of the reactants
(or OMe, adducts thereof) are loosely
correlated with the higher of these two
barriers; however, not with the lower,
rate-determining one. Thus, no general
correlation between 6(**Mo) and cata-
lytic activities should be expected for the
real imine-metathesis catalysts. From
the loose correlation with the higher

ever, they are significantly overestimat-
ed with the B3LYP hybrid functional.
With the latter, Mo chemical shifts of
systems with Mo-Mo multiple bonds
show additional large errors. d6(**Mo)
values between —521 and +89 are

metathesis -

Introduction

Transition metal NMR spectroscopy is especially useful when
it can serve as a probe for reactivity.l!l Numerous systems that
contain transition metals are known in which the NMR
properties of the metal atom, usually the chemical shifts, can
be correlated with rate constants?! or with catalytic activ-
ities.’] Modern theoretical methods based on density func-
tional theory (DFT) can be used to reproduce and rationalize
such relationships! or to predict new ones.’] The great
potential of such correlations is that, once established, they
allow the reactivity or catalytic activity of a newly synthesized
derivative to be estimated from its NMR spectrum.

For a given reaction, the theoretical approach involves the
identification of the rate-determining step, followed by
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barrier, however, one might speculate
that complexes with particularly shield-
ed “Mo nuclei may be more active
catalysts, which would allow the selec-
tion of suitable target complexes based
on 0(**Mo) data from the literature.

investigations of how variations in the ligand sphere affect
the corresponding barrier and the value of the chemical shift for
the metal in the reactant complex. DFT is now well established
as a tool to reliably compute geometries and energetics,!®! as
well as NMR properties,”! of transition metal complexes.
The recently discovered catalysis of imine metathesis by
imido molybdenum complexes® (Scheme 1) would be an
attractive candidate to study the correlation between the
NMR data and the reactivity. Mo complexes are widely used
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Scheme 1. The catalysis of imine metathesis by imido molybdenum
complexes.

in homogeneous catalysis; the most important area is
probably olefin metathesis by alkylidene derivatives. This
reaction has been well studied, both experimentally®! and
theoretically,'”! and the key step involves the reversible
formation of a four-membered metallacycle. Very efficient
and versatile catalysts have been developed which leave little
room for improvement.
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Compared to olefin metathesis, the analogous reaction
involving imines requires more drastic conditions, that is
higher temperatures and longer reaction times. In order to
design more active catalysts, a detailed knowledge of the
underlying mechanism would be desirable. A density func-
tional study is thus presented for a suitable model system,
calling special attention to on substituent effects on energetics
and Mo chemical shifts. If a correlation between the 6(**Mo)
values and key barriers of the imido complexes could be
predicted, it might be possible to devise modifications—for
instance, based on NMR data from the literature—in order to
increase the activity of the actual catalysts. Interesting
strereoelectronic effects of substituents are found in the key
transition structures in the model reaction; however, it is
unfortunate that no general correlation between the NMR
data and the reactivity can be predicted.

The chemical shifts of the metal nuclei themselves remain a
challenge insofar as the results can be very sensitive to the
particular density functional employed. In the cases studied
hitherto, hybrid functionals, such as the popular B3LYP
combination, have proven to be superior to “pure” density
functionals, particularly for the chemical shifts of *Fe,["]
15Rh, M and ¥Co."? In order to test the generality of these
performances, a systematic study of Mo chemical shifts is
included in the present paper.['®l This nucleus is one of the

Abstract in German: Die Geometrien und Mo chemischen
Verschiebungen von MoO /=, MoO;5°~, MoO,S,?~, MoOS#,
MoS?#, MoSe?~, [Mo(CO)s], [Mo(CsHs)(CO);H],
[Mo(C4Hy),], [Mo,(OMe)s] und [Mo,(O,CH),] wurden mit-
tels Dichtefunktionaltheorie in nichtlokaler Niherung berech-
net. Fiir diese Verbindungen werden Substituenteneffekte auf
0(”Mo) gut mit “reinen” Dichtefunktionalen beschrieben, mit
dem B3LYP-Hybridfunktional dagegen deutlich iiberschiitzt.
Mit letzterem ergeben sich zusdtzlich grofie Fehler fiir die Mo
chemischen Verschiebungen in Systemen mit Mo—Mo-Mehr-
fachbindungen. 6(”Mo)-Werte zwischen 6 =—521 und +89
werden fiir [Mo(NH),X,] vorhergesagt (X=F, Cl, Br, OMe,
OCF;), welche als Modellverbindungen fiir Iminmetathese-
Katalysatoren dienen. Die Untersuchung des Mechanismus der
Iminmetathese mit diesen Modell-Katalysatoren legt als
Schliisselschritt die reversible Bildung eines Diazametalla-
zyklus aus einem primir gebildeten [Mo(NH),X,(NH=CH,) |
Addukt nahe. Dieser Prozef; kann iiber zwei verschiedene
Ubergangszustinde mit unterschiedlicher Stereochemie ver-
laufen. Bei Variation der Substituenten X korrelieren die
0(*Mo)-Werte der Edukte (oder deren OMe,-Addukte) lose
mit der hoheren der beiden Barrieren, nicht jedoch mit der
niedrigeren, geschwindigkeitsbestimmenden. Daher sollte man
fiir die realen Iminmetathese-Katalysatoren keine generelle
Korrelation zwischen O0(”Mo) und katalytischer Aktivitiit
erwarten. Aufgrund der losen Korrelation mit der hoheren
Barriere kann man jedoch spekulieren, daf3 Komplexe mit
besonders stark abgeschirmtem *Mo-Kern eine erhohte kata-
Iytische Aktivitdit aufweisen konnten, was die Auswahl geeig-
neter Zielmolekiile anhand von 6(*Mo)-Daten aus der Lite-
ratur erlauben wiirde.
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more readily accessible ones among the transition metals, and
a sizable amount of experimental data is known.[' As it turns
out, the pure density functionals provide the best 6(**Mo)
values, whereas B3LYP can lead to large errors in specific
cases.

The objectives of this paper are thus twofold: Firstly, to
identify the density functionals that provide the best perform-
ance in Mo chemical-shift computations, and secondly, to
study substituent effects on 6(**Mo) values and rate-deter-
mining barriers for an imine-metathesis model system.

Computational Details

Methods and basis sets correspond to those used in the previous studies of
rhodium complexes, namely the geometries have been fully optimized in
the given symmetry at the BP86/ECP1 level, by the use of the exchange and
correlation functionals of Becke!™”! and Perdew,!'"! respectively, together
with a fine integration grid (75 radial shells with 302 angular points per
shell), a relativistic MEFIT effective core potential with the corresponding
[6s5p3d] valence basis set for Mo,!'7) and the standard 6-31G* basis set!'$ 1%
for all other elements. For the model compounds with Cl substituents for
the metathesis reaction, the nature of the stationary points has been
verified by calculations of harmonic vibrational frequencies (by means of
numerical differentiation of the analytical first derivatives), from which the
zero-point energies (ZPEs) have also been obtained. Geometries and
energies (including ZPEs where available) are provided in the Supporting
Information in the form of Gaussian archive entries.

Magnetic shieldings have been evaluated for the BPS6/ECP1 geometries by
the use of a recent implementation of the GIAO (gauge-including atomic
orbitals) method,” both at the Hartree —Fock (HF) and the DFT levels,
whereby the latter involves the functional combinations according to
Beckel™ and to Perdew and WangP?!l (denoted BPW91) or Becke
(hybrid)??! and Lee, Yang, and Parr,” (denoted B3LYP), together with
basis II, that is a [16s10p9d] all-electron basis for Mo, contracted from the
well-tempered 22s14p12d set of Huzinaga and Klobukowski®! and
augmented with two d-shells of the well-tempered series, and the
recommended IGLO-basis I11?% 28] on all other atoms. In addition, magnetic
shieldings have been computed with the UDFT-IGLO (uncoupled DFT
with individual gauge for localized orbitals) and the SOS-DFPT-IGLO
(sum-over-states density-functional perturbation theory) method in its
LOC1 approximation.?’) Chemical shifts are reported in ppm relative to
MoO,>~ (1), the experimental standard (absolute shieldings — 1729, — 1358,
—1196, —1192, and —1113 ppm at GIAO-HF, GIAO-B3LYP, GIAO-
BPW91, UDFT-IGLO and SOS-DFPT-IGLO levels, respectively). All
computations employed the Gaussian 94 program package,?! except for
the UDFT-IGLO and SOS-DFPT-IGLO calculations which used the
implementation in the deMon code.*”!

Results and Discussion

This section is organized as follows: firstly, a systematic DFT
study of Mo chemical shifts is presented in order to identify
the density functionals best suited to the computation of this
property. Secondly, the model reaction for imine metathesis is
investigated in terms of key intermediates and transition
structures, and includes an assessment of substituent effects
on the rate-determining barrier and on d(**Mo) of the
reactants.

Geometries and chemical shifts: Optimized geometries for
the test set 1-11, which comprises both inorganic and
organometallic species, are displayed in Figure 1, together
with key geometrical parameters. Available distances ob-
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Figure 1. BP86/ECP1-optimized geometries including key geometrical
parameters [A and °], together with the corresponding averaged exper-
imental data, where available (in italics).’*? The compounds are
MoO,/7 (1), MoSO5*>7(2), MoS,0,>°(3), MoS;0>"(4), MoS,z(5),
MoSe,* (6), [Mo(CO)¢] (7), [Mo(CsHs)(CO):H] (8), [Mo(CsHy)] (9).
[Mo,(OMe);] (10), and [Mo,(O,CH),] (11).

10 (Cyp)

served in the solid state for 1, 5, 6, and 11 are included for
comparison,% as are structural data for [Mo,(OCH,CMe;),|C!
for which 10 serves as model, as well as the gas-phase
electron-diffraction (GED) results for 7% the only known
gas-phase structure in this set.’* As noted before for these or
for similar compounds,’® bond lengths between the transition
metal and the main-group elements tend to be overestimated
by up to several pm at the DFT level employed— even more
so for the inorganic dianions than for the organometallic
species.’* 331 The Mo—Mo triple and quadruple bond lengths
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in 10 and 11, respectively, are reasonably well described at the
BPS86/ECP1 level.

Relative Mo chemical shifts, computed at the UDFT-
IGLO and SOS-DFPT-IGLO, GIAO-HF, GIAO-BPW91, and
GIAO-B3LYP levels are summarized in Table 1. The latter
two 0(**Mo) sets are plotted versus the experimental values in
Figure 2. The best agreement with experimental values is
obtained at the GIAO-BPWY1 level, as evidenced by the
near-ideal gradient of the J,. versus d.,, linear regression,
1.01, and by the relatively small mean absolute deviation,
245 ppm (Table 1, Figure 2a). The latter mean error is quite
satisfactory when compared to the covered range of Mo
chemical shifts, more than 5500 ppm. In addition, the devia-
tion is quite systematic: most of the computed 6 values exhibit
too strong a deshielding with respect to experiment. The
performance of SOS-DFPT,* UDFT-IGLO and GIAO-
BPWO1 is quite similar, whereby UDFT-IGLO affords a
somewhat smaller mean average error, but a larger slope than
the other two methods (Table 1).

Large deviations between the computed and the exper-
imental ¢ values are found at the GIAO-HF level, manifested
in a significant overestimation of the range of chemical shifts
(Table 1). The analysis of the GIAO-HF o values reveals
almost constant diamagnetic contributions, o, (very similar to
those obtained at the DFT levels), and the deviations of the o
values can be traced back to a strong overestimation of the
paramagnetic contributions, o,. The molybdate derivatives
1-6 have been the subject of previous studies at the HF level
which employed finite perturbation theory (FPT)B7 and the
localized-orbitals-local-origin (LORG) approach.¥l While
excellent agreement with the experimental values was found
in the former study, the latter work revealed similar over-
estimations of the d values, as found here. Apparently, the
degree of accuracy of the FPT data is largely an artifact of the
small basis sets employed, and the suggestion in ref. [38]
regarding the presumed importance of electron-correlation
effects is correct (since inclusion of these effects at the DFT
levels reduces the errors of GIAO-HF).!

For Mo—Mo systems 10 and 11 with Mo—Mo multiple
bonds, GIAO-HF fails completely, as excessively large o
values are computed (exceeding 10000 ppm). It is well known
that a single-reference HF wavefunction cannot describe
multiple bonds between transition metals correctly,*? which,
apparently, leads to the spectacular errors in o,.

For the transition metal nuclei studied so far, inclusion of
the HF exchange in the so-called hybrid functionals, such as
B3LYP, has resulted in a proportional increase of the para-
magnetic contribution, o,, and thus in more deshielded ¢
values.l 7 111 The same is found for the **Mo chemical shifts in
Table 1. Since the “pure DFT” results (UDFT-IGLO, SOS-
DFPT and GIAO-BPW91) are already in good agreement
with experimental values, the corresponding B3LYP values
tend to be too strongly deshielded, which leads to a much
larger Oqycq/Oey, slope (1.27) and a much larger mean abso-
lute deviation (416 ppm). Additional shortcomings are
apparent for 10 and 11 which deviate notably from the
Ocaled/Ocxp correlation (Figure 2b), to produce errors of up
to ~1800 ppm with respect to experiment (for 11).
These errors are probably related to the above-mentioned
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DFT Calculations of *“Mo NMR Chemical Shifts 3514-3522
Table 1. Theoretical **Mo chemical shifts in complexes 1-11, § relative to 1.2

Molecule GIAO-HF GIAO-B3LYP SOS-DFPT-IGLO UDFT-IGLO GIAO-BPWI1 Expt.l)
MoO,~(1) 0 0 0 0 0 0
MoSO;*~(2) 800 479 424 438 399 497
MoS,0,°7(3) 1945 1091 923 966 902 1067
MoS;0°~(4) 3401 1765 1481 1560 1451 1654
MoS2(5) 5079 2515 2076 2174 2056 2259
MoSe 2 (6) 8434 3668 2885 3015 2929 3145
[Mo(CO),] (7) —2479 —2350 —2319 —3015 —2294 — 1856
[Mo(C;sH;s)(CO);H] (8) —2232 —2413 —2365 —2387 —2422 —2047
[Mo(C¢Hg),] (9) —1148 —1518 — 1875 —1813 —1698 —1362
[Mo,(OMe),] (10) -l 3273 2196 2236 2174 244714
[Mo,(O,CH),] (11) el 5517 3216 3374 3311 37020l
slopell! (1.89) 1.27 1.02 1.05 1.01

mean absolute deviation from experiment (1340) 416 260 209 245

[a] Basis II and BP86/ECP1 geometries employed. [b] From ref.[14]. [c] Unreasonably large numbers obtained. [d] Experimental value for
[Mo,(OCH,tBu)s]. [e] Experimental value for [Mo,(O,CMe),]. [f] Slope of the linear regression for O cq VETSUS Oeypy-
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Figure 2. Plot of computed (basis II for BP86/ECP1-optimized geome-
tries) versus the experimental **Mo chemical shifts. a) GIAO-BPWO1 level,
b) GIAO-B3LYP level. Linear regression lines (dashed) and ideal lines
with the slope 1 (solid) are included.

failure of the HF method for these compounds.[*!! Care should
thus be taken when studying metal —-metal multiple bonds
with the popular B3LYP approach.

Chem. Eur. J. 1999, 5, No. 12
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Therefore, in contrast with theoretical transition metal
chemical shifts investigated so far, the performance of the
GIAO-B3LYP method is noticeably worse for 6(?Mo) values
than that of pure DFT approaches.*?l In the case of systems
with Mo —Mo multiple bonds, the complete failure of the HF
method also causes the B3LYP chemical shifts to deteriorate
considerably. In summary, the GIAO-B3LYP method cannot
be recommended for ®Mo chemical shifts so that, in the
following, results are reported at the GIAO-BPWI1 level.
B3LYP is thus not a panacea and one is left with the somewhat
unsatisfactory conclusion that for computations of transition
metal chemical shifts, the various functionals have to be
carefully reassessed for each new problem at hand. While this
situation calls for new and improved density functionals,*! it
should not prevent selected applications of such calculations,
as illustrated in the second part of this paper.

Imine metathesis

Mechanism: The reaction of H,C=NH with [Mo(NH),Cl,]
(12) will now be discussed as a model for imine metathesis
(Scheme 1). Corresponding model studies for the key step in
olefin metathesis (Scheme 2, X=Cl, Y=NH, R=H) have

Y
Rl
T, 7 e
M
X O\\CHRl R? X
X R2 R3

Y = N-(2,6-CgHgiPr2)
X = OCMe3, OCM€(CFs),

Scheme 2. The key step in the olefin metathesis reaction.

indicated small barriers for the addition of ethylene to Mo-
alkylidene complexes, for example, ~10kJmol™' for
[Mo(O)(CH,)CL,], and a substantial energetic driving force
for the formation of the metallacyclobutane of 38-
74 kI mol~'[%] (66.5 kI mol~! for [Mo(NH)(CH,)Cl,] + ethy-
lene at the BP86/ECP1 + ZPE level). For this simple model
reaction, in the absence of entropy effects, the metallacyclo-
butane would be the resting state of the catalyst, while its
decomposition (reverse reaction in Scheme 2) would be the
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rate-determining step. Entropy
strongly disfavors the metalla-
cycle and the free energy nec- H
essary for its decay is computed
to be very small at ambient
temperature (18.0 kJmol™' for
[Mo(NH)(c-C;Hg)CL,], BP86/
ECP1 level), consistent with
the observed high activities of tBu

the alkylidene catalysts.

The analogous diazametalla- L, ’uo
cyclobutanes have been pro- T ~NtBu
posed as possible intermediates PrN
in the catalytic cycle for imine
metathesis®! (A in Scheme 3).
In addition, there is spectro-
scopic evidence for the forma-
tion of complexes with a coor-
dinated imine which have been
suggested as further intermedi-
ates in the cycle (B in Scheme 3).51 The corresponding
minima and key transition structures have been located for
the model reaction and are presented in Figure 3.

The parent diazametallacycle 14 indeed proved to be a
minimum on the potential energy surface (PES). While the
carbon analogue, [Mo(NH)(c-C;H¢)Cl,], can adopt two
coordination geometries, square pyramidal (sp) and, slightly
higher in energy, trigonal bipyramidal (tbp),l'®< only one
isomer could be located for 14, which is more reminiscent of a
tbp arrangement (with the imido and one of the amido ligands
in the axial positions). Formation of 14 from 12 + H,C=NH is
computed to be exothermic by —65.7 kImol~! on the PES

N
tBu
B \ N tBu

tBquph

tBu
N tBu

| -~
B

N
|_n|\|/|‘5 %Ph
N

Pr A

~

Scheme 3. Proposed mechanism of the catalytic cycle for imine metathesis.

(BP86/ECP1 level, —49.4 kI mol~! including ZPE) and almost
thermoneutral on the free energy surface (— 1.2 kImol™'); the
diazametallacycle may thus be a viable intermediate.
Related thiourea derivatives are known, for instance
[Mo(NAr){N(Ph)C(=S)N(Ar)}(OrBu),] (Ar=2,6-iPrC,H;),*
which, in the solid state, adopts a conformation similar to that
of 14.

Intermediate 14 is not formed in a single step from the
reactants: even when the imine is placed side-on to the Mo
center of 12 (in search of a possible m complex), the
optimization leads to a Lewis base complex in which the
imine is coordinated through its nitrogen lone pair, consistent

(103.3)
(96.7)
©

(Eye1, BPR6/ECP1 [kJ'mol'])
(+ zero-point correction)

Figure 3. Schematic reaction profile for the addition of H,C=NH to 12 (BP86/ECP1 level).
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with the observation of the corresponding intermediates B
(Scheme 3).3 Two Lewis complexes have been located, 13b
and 13a (Figure 3), where coordination occurs trans to a
chloro and an imido ligand, respectively, with the latter being
somewhat more stable (by ~16 kJmol~! at BP86/ECP1 +
ZPE).

Both Lewis complexes can rearrange to the metallacycle 14
via transition structures TS13b and TS13a, respectively (Fig-
ure 3). In these structures, the CH, group has migrated
towards the imido moiety and the free lone pair has
reappeared at the incoming nitrogen (as apparent from the
degree of pyrimidalization).*’] In TS13b and TS13a, this
incoming nitrogen remains ftrans to Cl and trans to NH,
respectively. As in 13b and 13a, the arrangement with imido
and incoming imino ligands trans to each other is more
favorable; the energetic separation is even larger in the
transition states, and TS13b is computed to be higher than
TS13a by 38 kJmol~". There is thus a large stereoelectronic
effect in the transition state (see below).

The two nitrogen atoms in the four-membered ring of 14 are
not equivalent as a result of the lack of symmetry. For
metathesis, the scrambling of these two nitrogen atoms has to
occur. In the model reaction studied here, this scrambling can
be achieved via the C,-symmetric TS14 which has a square-
pyramidal ligand arrangement about Mo (Figure 3; 14’ is the
mirror image of 14). The barrier computed for this process is
quite low, no larger than 26.4 kJ mol~! (this value is actually an
upper limit since TS14 has two imaginary frequencies and is
thus a second-order saddle point; the true transition structure
has not been located). The barriers for formation and
decomposition of the metallacycle are much higher, nearly
100 kJmol~! (via TS13a), and should thus be rate-determin-
ing. A similar barrier, 88.2kJmol™!, has recently been
computed for the addition of ethylene to the imido group of
[MoO(NH)Cl,].*I These barriers are much higher than those
involved in olefin metathesis with alkylidene complexes (see
above), which is consistent with the more drastic reaction
conditions necessary for imine metathesis. Under these
reaction conditions, however, barriers in the order of
100 kJmol~! are not insurmountable and the mechanism
illustrated in Figure 3 represents a viable pathway for imine
metathesis, and supports the proposition that diazametalla-
cyles and labile imine adducts are involved (A and B,
respectively, in Scheme 2).

Substituent effects: How does substitution of the two chlorine
atoms in 12 affect the Mo chemical shift of the reactant and
the key barriers for metathesis ? Tables 2 and 3 summarize the

Table 2. Computed (BPW91/I1) properties of complexes [Mo(NH),X,] 2]

X 0 (6 OMe,) g(Mo)! Zd(Mo)b<l gkaldel Ag[eV]ll
Br (15) 93 (289) 084 485 ~3137 549
Cl (12) -89 (116) 0.94 4.77 — 2788 6.01
OMe (16) —296 (-26) 133 450 ~762 9.05
OCF, (17) —438 (-235) 131 451 ~233 1047
F (18) —-521 (-312) 1.45 4.38 — 1490 8.08

[a] ®Mo chemical shifts & (GIAO method, in parentheses: 0 of OMe,
adducts), natural charges g(Mo), d-orbital populations d(Mo), and
contribution to op and energy difference Ae of the key orbitals sketched
in Figure 4. [b] From natural population analyses. [c] Sum of the 4d
populations on Mo. [d] Contribution to the paramagnetic part of the
shielding tensor in x direction (in ppm), arising from the coupling of pairs
of occupied and virtual MOs that correspond to those of Figure 4; the
virtual MO is the LUMO in all cases, occupied MOs are 16b,, 15b, 23b,
and 7b, for 15, 16, 17, and 18, respectively. [e] UDFT with common gauge
origin at the metal.

relevant data for the model species [Mo(NH),X,] (X =Br,1*"]
Cl, OMe, OCF;, and F). In this series, the Mo nucleus is
computed to be increasingly shielded, despite the increasing
electron-withdrawing capability of the substituents. Results
from natural population analysis (NPA)“ in Table 3 confirm
that the electronic charge is indeed increasingly withdrawn
from Mo in this series: total positive charge and d-orbital
population increase and decrease, respectively.

In this model system, it appears to be the energetic
separation between occupied and virtual orbitals of suitable
symmetry which is decisive and which is subject to modifica-
tion by the substituents. Analysis of the many individual MO
contributions is difficult; however, the discussion of a
particular example can be instructive: Figure 4 shows a

occ. MO Y 8 5 ~
My My 10 by>
10 by O
T ) ~Q
LUMO
HN. _NH
N\ g
MO/ 21ay
s X
cl a

Figure 4. Schematic representations of important MOs of 12; M, is the
angular momentum operator in the x direction.

schematic sketch of MOs which give rise to the largest single
contribution to the paramagnetic (i. e. deshielding) contribu-
tion of the magnetic shielding tensor of 12 (according to an

Table 3. Relative energies in the [Mo(NH),X,] + H,C=NH system (kJmol! relative to the metallacycle, BP86/AE1 level) as a function of X (labels in

parentheses).

X (metallacycle) (TSa) AE,(a) (TSb) AE,(b) (Adduct a) (Adduct b) AE g 1
Br 19) 0.0 (TS23a) 102.5 (TS23b) 139.3 (23a) 4.0 (23b) 259 65.3
CIl 14) 0.0 (TS13a) 103.3 (TS13b) 136.4 (13a) 33 (13b) 21.7 65.7
OMe (20) 0.0 (TS24a) 1125 (TS24b) 127.6 (24a) 46.6 (24b) 414 68.2
OCF; (21) 0.0 (TS25a) 100.8 (TS25b) 1113 (25a) -74 (25b) 7.6 69.9

F (22) 0.0 (TS26a) 107.9 (TS26b) 1184 (26a) 12.3 (26b) 12.4 74.5

[a] Separated [Mo(NH),X,] +H,C=NH. [b] See Figure 3 for the values including zero-point corrections.
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UDFT calculation with common gauge origin).*’) For this
species, the principal tensor components along the x axis
(following the labeling in Figure 4) is the most deshielded one
(Oxxyyze =381, —602, and —46, respectively). Upon action of
the magnetic operator in the x direction (with the same
characteristics as the angular momentum operator applied in
Figure 4), the high-lying occupied MO with its large d,,(Mo)
character is transformed into an orbital with a large d,. (Mo)
contribution.” The latter orbital can overlap with virtual
MOs that also have d,. character, such as the LUMO shown in
Figure 4. The paramagnetic contribution in the x direction
from these two coupled MOs, denoted 0‘;*", as well as their
energetic separation, Ag, is included in Table 2. Even though
they do not fully reflect the trend in the isotropic chemical
shifts,P] both properties appear to be related to each other,
which illustrates that higher shieldings are associated with a
larger separation of the important MOs.’? As is commonly
found for high-valent (d°) compounds of early or middle
transition elements, the model species [Mo(NH),X,] show
thus “inverse halogen (or electronegativity) depend-
ence”.3 34

The same *Mo chemical-shift sequence as observed for
[Mo(NH),X,] is obtained for [Mo(NH),X,(OMe,)] adducts
(values in parentheses in Table 2) which serve as models for
the solvated species expected to be present in the experiment.
In these adducts, the Mo nucleus appears to be deshielded
by a fairly constant amount, ~200 ppm, with respect to the
pristine tetrahedral complexes.

The energetic data pertinent to the catalytic cycle as a
function of X are collected in Table 3. The overall dissociation
energy AEy,, that is, the energetic separation between the
diazametallacyclic resting state and the separated reactants
(or degenerate products), increases successively with increas-
ing electron-withdrawing capacity of X. For all derivatives
studied, two transition states for the decomposition of the
metallacycle, TS19a/TS22a and TS19b/TS22b, could be locat-
ed, which correspond to TS13a and TS13b, respectively, in
Figure 3. In general, TSxa, with imido and leaving imine
groups trans to each other, is lower in energy than TSxb. An
inspection of the corresponding barriers AE,(a) and AE,(b),
respectively, shows that the variation in the former is much
smaller than that in the latter, which is also apparent when the
barriers are plotted versus the Mo chemical shifts of the
reactants (Figure 5).

The different sensitivity of AE,(a) and AE,(b) towards X
may be rationalized in terms of a trans effect exerted by the
substituents in the transition structure: in TSxb, different X
are located trans to the leaving imine group which leads to
large variations in the corresponding barrier. On the other
hand, in TSxa the substituent trans to the leaving group is
always an imido group, consistent with only minor variations
in AE,(a). The energetic difference AAE,=AE,(b) — AE,(a)
could be taken as a measure of the destabilizing trans effect of
X. In fact, AAE, decreases in the series from X = Br to F, that
is, in the order of decreasing trans effect often encountered for
these ligands.’¥) Attempts to single out one particular factor
responsible for this stereoelectronic effect (such as orbital
interactions between fragments), however, have been unsuc-
cessful.
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Figure 5. Correlations between computed Mo chemical shifts and
activation barriers for imine metathesis in the model system [Mo(NH),X,]-
-+ H,C=NH. AE,(a) and AE,(b) correspond to the paths via intermediates
TS13a and TS13b, respectively, in Figure 3.

Because of the low sensitivity of the rate-determining
barrier AE,(a) to the substituents X, no correlation between
the NMR data and the reactivity can be predicted for the set
of compounds studied. So far, imine-metathetic activity has
only been observed for chloro complexes and not for alkoxy
derivatives,®l which is consistent with the larger barrier
computed for the model system with X =0OMe compared to
that with X = Cl (Table 3, Figure 5). However, no activity has
been found for fluorinated alkoxy ligands such as X=
OC(CF;),(Me) either, whereas for the model complex with
X = OCF; the smallest barrier is computed. Apparently, the
latter substituent is not a very good model for the former.
From the results in Table 3 and Figure 5 one can predict that
the bromo complexes should show slightly higher catalytic
activity than their chloro congeners.

If the overall trend between AE,(b) and 6(**Mo) would
extend beyond the range covered in Figure 5, one might
speculate that corresponding complexes with an even more
shielded metal could in fact be associated with lower overall
barriers and, thus, with a higher catalytic activity than the
chloro species. If this were the case, one might consider the
selection of potential target complexes based on Mo data
from the literature. For instance, because dithiocarbamate
ligands, R,NCS, (R,dtc), tend to increase the shielding of
“MoV! nuclei compared to the analogous chlorine or alkoxy
derivatives,['* > one could suggest that compounds containing
the [Mo(NR),(R’,dtc)] motif may be particularly active
catalysts for imine metathesis. Further experimental and
theoretical studies in that direction could be rewarding. In this
context it is interesting to note than a correlation between the
NMR data and the reactivity is already known for
[Mo(R,dtc)] complexes, namely in the oxygen-transfer reac-
tion between [MoO,(R,dtc),] and PPh;.l

Conclusion

Observed trends in Mo chemical shifts of a number of
inorganic and organometallic Mo compounds can be repro-
duced well by the use of “pure” density functionals, for
instance at the GIAO-BPW91 level. “Hybrid” functionals,
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such as the popular B3LYP combination, perform consider-
ably worse and even fail in cases where Mo—Mo multiple
bonds are present. Since B3LYP has proven to be superior for
other transition-metal chemical shifts, the performance of the
various functionals apparently has to be reassessed for every
new problem at hand. This situation is somewhat unsatis-
factory from a theoretical point of view; however, it should
not prevent useful applications.

Study of the model reaction between [Mo(NH),X,] and
H,C=NH confirms that the recently developed catalytic imine
metathesis may proceed via intermediate Lewis adducts and
diazamolybdacyclobutanes. Reversible formation and decom-
position of the latter is indicated to be the rate-determining
step, which can occur via two distinct transition structures
with different orientation of the ligands about Mo. The lower
of these two barriers occurs when the imido group is trans to
the incoming (or leaving) imine. Upon variation of the
substituents X, this rate-determining barrier is not much
affected. Since the Mo chemical shifts computed for the
reactants [Mo(NH),X,] cover a noticeable range, no general
correlation between O(**Mo) and the catalytic activities
should be expected for the real imine-metathesis catalysts.

In contrast, the activation energy via the second transition
state with X trans to the imine depends notably on X,
indicative of a large stereoelectronic trans effect of the
ligands. From the predicted loose correlation between this
barrier and the *Mo chemical shifts of the reactant complexes
as a function of X, one may speculate that species with
particularly high Mo shieldings could be more active than
the catalysts employed so far. If confirmed experimentally,
this would allow the selection of new synthetic targets based
on §(*Mo) data from the literature, for instance, for imido
complexes that contain dithiocarbamato ligands.
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