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Summary: The coordination of the four model amitwarbene
ligands A—D to SmC} has been theoretically irestigated.
Strong coordination energies were predicted for all carbenes
(AG(25°C) < —35 kcal mot? for the monoadducts). The nature
of the Sm-carbene bonds was studied by molecular orbital and
natural bond orbital (NBO) analyses. Noidence for significant
carbene-to-Smr-donation or Cl-to-carbene back-donation was
obsewed. The strong Smcarbene bonds, culminating in the
abnormal NHC specieb, can thus be essentially attributed to
carbene-to-Snw-donation.

Introduction

Over the last 15 years, N-heterocyclic carbenes (NHGm)e
been widely used as ligands for transition-metal cataf/$tse
stronger donating properties of NHCs relative to those of

center®’ From these results, it is clear that a detailed description
of the bonding in transition-metal NHC complexes must take
into account these weak interactions, especially since a broad
range of situations can be expected with the variety of
aminocarbene complexes now available (cyclic vs acykclic,
monoamino vs diamin®abnormal NHC3? remote NHCs, 19).
Although they have been comparatively much less developed
than their late-transition-metal counterparts, NHC complexes
of early transition and f-block metals are attracting increasing
interestl2~16 NHCs apparently being effective ligands for
practically any metal center. With these electron-poor metal
fragments, the metalNHC bonds can be expected to result
essentially from the carbene-to-metationation, especially for
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Cavallo, L.; Nolan, S. PJ. Am. Chem. So@005 127, 3516-3526.

phosphines were recognized early on, and on the basis of (6) This peculiar situation has been evidenced for a few NHC adducts
theoretical as well as experimental investigations, NHCs have of high-valent metal chlorides: (a) Abernethy, C. D.; Codd, G. M.; Spicer,

long been considered as puralonor ligands, the high energy
of the vacant carbene orbital presumably preventing efficient

m-back-donation. However, this description now appears some-

M. D.; Taylor, M. K. J. Am. Chem. So2003 125 1128-1129. (b)
Braband, H.; Abram, UChem. Commur2003 2436-2437. (c) Shukla,
P.; Johnson, J. A.; Vidovic, D.; Cowley, A. H.; Abernethy, C. Chem.
Commun2004 360-361.

what oversimplified, since more detailed studies on the precise _ (7) Such CtCeanendnteractions were also predicted to be quite accessible

nature of transition-metalNHC bonds support the existence
of significant z-back-bonding (up to 1530% of the overall
orbital interaction energies for electron-rich metal centtié)e
electronic flexibility of NHC ligands has been further substanti-

ated with the recent observation of “secondary” interactions such g,

ass-donation from the carbene to the métahd “peripheral”

in energy for rhodium(l) complexes of phosphincarbenes: Miqueu, K.;
Despagnet-Ayoub, E.; Dyer, P. W.; Bourissou, D.; Bertrandzem. Eur.
J. 2003 9, 5858-5864.

(8) Denk, K.; Sirsch, P.; Herrmann, W. A. Organomet. Chen2002
649 219-224.
(9) (a) Sole S.; Gornitzka, H.; Schoeller, W. W.; Bourissou, D.; Bertrand,
Science2001 292 1901-1903. (b) Cattoe, X.; Gornitzka, H.;
Bourissou, D.; Bertrand, G. Am. Chem. So2004 126, 1342. (c) Lavallo,

back-donation from neighboring chlorine ligands to the carbene Y- Mafhouz, J.; Canac, ¥.; Donnadieu, B.; Schoeller, W. W.; Bertrand,
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Figure 1. Optimized structures for the mono- and bis-adducts of SmCI

d® fragments that are not capable mfback-donation. Such a

situation has been recently substantiated both experimentally

and theoretically for MGl (M = Zr, Hf) and CpTiMe™
fragmentst2dThe increasing number of structurally character-
ized NHC complexes involving f-block meta$8 prompted us
to investigate the bonding situation in lanthanide amicarbene

Chart 1. Structure of the Model Carbene Ligands A—D
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complexes. The Smgfragment was chosen as a representative sing the model NHCA andB, amino-aryl—carbeneC, and
example, and the influence of the carbene structure was studied,pnormal NHCD (Chart 1). The geometry of the resulting

(13) For Sm and Yb complexes, see: (a) Arduengo, A. J., lll; Tamm,
M.; McLain, S. J.; Calabrese, J. C.; Davidson, F.; Marshall, W.. Am.
Chem. Soc.1994 116 7927-7928. (b) Schumann, H.; Glanz, M,
Winterfeld, J.; Hemling, H.; Kuhn, N.; Kratz, TAngew. Chem., Int. Ed.
Engl. 1994 33, 1733-1734. (c) Schumann, H.; Glanz, M.; Winterfeld, J.;
Hemling, H.; Kuhn, N.; Kratz, TChem. Ber1994 127, 2369-2372. (d)
Desmurs, P.; Dormond, A.; Nief, F.; Baudray, Bull. Soc. Chim. Fr1997,

134, 683-688. (e) Baudry-Barbier, D.; Andre, N.; Dormond, A.; Pardes,
C.; Richard, P.; Visseaux, M.; Zhu, C.Bur. J. Inorg. Chem1998 1721—
1727. (f) Glanz, M.; Dechert, S.; Schumann, H.; Wolff, D.; Springek.J.
Anorg. Allg. Chem200Q 626, 2467-2477. (g) Ferrence, G. M.; Arduengo,
A. J., lll; Jockisch, A.; Kim, H.-J.; McDonald, R.; Takats, J. Alloys
Compd.2006 418 184-188.

(14) For Y, La and Er complexes, see: Herrmann, W. A.; Munck, F.
C.; Artus, G. R. J.; Runte, O.; Anwander, Rrganometallics1997, 16,
682—-688.

(15) For U and Ce complexes, see: (a) Oldham, W. J., Jr.; Oldham, S.
M.; Scott, B. L.; Abney, K. D.; Smith, W. H.; Costa, D. £&hem. Commun.
2001, 1348-1349. (b) Nakai, H.; Hu, X.; Zakharov, L. N.; Rheingold, A.
L.; Meyer, K.Inorg. Chem2004 43, 855-857. (c) Evans, W. J.; Kozimor,

S. A.; Ziller, J. W.Polyhedron2004 23, 2689-2694. (d) Mehdoui, T.;
Berthet, J.-C.; Thug, P.; Ephritikhine, M.Chem. Commur2005 2860-
2862.

(16) For reviews on f-block N-heterocyclic carbene complexes, see: (a)
Fischer, R. D.Angew. Chem.Int. Ed. Engl.1994 33, 2165-2168. (b)
Arnold, P. L.; Liddle, S. T.Chem. Commur2006 3959-3971.

mono- and bis(carbene) complexes will be discussed, as well
as their bonding energies. Special attention has been devoted
to the nature of the Smcarbene bonds. Accordingly, “second-
ary” interactions were found to have only negligible contribu-
tions, and the influence of the-donating properties of the
carbene ligand was emphasized.

Results and Discussion

The mono- and bis-adducts between Sgné&hd carbenes
A—D have been investigated at the DFT (B3PW91) level. The
optimized complexes are represented in Figure 1, and the main
geometrical parameters are listed in Table 1. The geometry of
the SmC} fragment deviates from planarity within the mono-
adducts, as deduced from the sums of the &h—CI bond
angles from 350.3(B andC) up to 355.% (D). For comparison,
coordination of the imidazol-2-yliden& to the Y[N(SiHMe)3]
fragment was found experimentally to induce significant pyra-
midalization around the yttrium center (sum of-N—N bond
angles of 345.%).14 All of the bis-adducts derived from NHCs
A, B, andD adopt the expected trigonal-bipyramidal geometry,
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Table 1. Selected Geometrical and Energetic Data for the
Mono- and Bis-Adducts between SmGland Carbenes A-D?

Cl—=Sm—

complex  Sm-CIP  Sm—Ceabene Cl—Cearben§  Cearben§  AGeoord
SmCE(A) 2.57 2.58 3.85 96.9 —40.3
SmMCk(A)2 2.62 2.70/2.71 3.71 88.5 —18.6
SmCEk(B) 2.57 2.60 3.82 953 374
SmCEk(B)2 2.62 2.7412.74 3.54 82.7 —16.0
SmCk(C) 2.57 2.60 3.69 91.1 —35.9
SmCE(C)2 2.62 2.69/2.69 3.38 80.2 —15.8
SmCEk(D) 2.58 2.51 3.83 97.6 —50.8
SmCEk(D)2 2.64 2.63/2.63 3.58 854 —26.2

aBond lengths are given in A, bond angles in deg, and Gibbs free
energies of coordinatiorGeoorg in kcal/mol, at 25°C. ® Average value
(discrepancies<0.05 A). ¢ Shortest G Cearmenedistance ¢ Associated with
the shortest CtCcarbencdistance.

the two carbene ligands occupying the apical positions. The only
noticeable difference concerns the relative orientation of the two
NHC planes, which are perpendicular farandB but coplanar
with the abnormal NHD, the two N-CHjz groups being in

syn positions. These conformational preferences are most
probably due to subtle steric effects, by analogy with those
observed for the related square-bipyramidal (NH@}l4 (M

= Zr, Hf) adducts?d The reduced symmetry of the amino

phenyt-carbeneC results in a significantly distorted trigonal Figure 2. HOMO-3 of the adduct Sm@[A) (top) and HOMO-6

bipyramid, with & Garbens~SM—Cearenebond angle of 145:2 of the adduct SmG(B), (bottom), suggesting the possible involve-
The Sm-Cl bond length slightly and gradually increases from ment of a CFCearpencinteraction.

SmCk (2.53 A) to the mono-adducts (2.52.58 A) and to the

bis-adducts (2.622.64 A). Although not rigorously indicative Cl—Ccapendnteractions. HOMO-3 for the SmgA) adduct and

of the bond strength, the SACcarbencbond lengths (2.5%2.60 HOMO-6 for the SmGJ(B). bis-adduct are given in Figure 2

A in the mono-adducts and 2.62.70 A in the bis-adducts)  as representative examples. However, the magnitude of the Cl
fall in the same range as the St@l bond lengths and correlate  C_,endbonding interaction could hardly be estimated from these
fairly well with those determined experimentally for the few MO considerations and was therefore more accurately assessed
structurally authenticated NHC complexes of f-block metés. by NBO analyses.

At this stage, a more accurate evaluation of the-8arbene As expected for an NHC complex of & thetal fragment, a
bond strength was provided by the Gibbs free energies of strong carbene-to-samariumdonation (54.0 kcal mol) but
coordination. Accordingly, the formation of the mono-adduct no samarium-to-carbeng-back-donation was found at the
was found to be strongly thermodynamically favored for all second-order doneracceptor interaction level for both Smgl
carbenesA—D (Table 1). For comparison, mono-adducts of (A) and SmGJ(B), adducts. In addition, only marginal carbene-
dimethyl ether (DME) and tetrahydrofuran (THF) as model to-samariumr donation (around 1.0 kcal mdi) and chlorine-
coordinating solvents were calculated and the correspondingto-carbene “peripheral” back-donation (around 0.5 kcal ol
Gibbs free energies of coordination were estimated toe®2.8  were observed. Accordingly, the strength of the coordination
and—23.7 kcal mot?, respectively. These values are about half of A and B to SmC} essentially results from the strong
of those predicted for carbends-D and suggest that lanthanide  o-donating properties of the NHC. At this stage, it is interesting
carbene complexes should be quite stable in solution. The muchto compare the bonding situation encountered with the various
higher bonding energies of NHCs relative to that of THF also models of amine-carbenes. The free energy of the first
give quantitative insight into the synthetic route used to prepare coordination was predicted to increase gradually from the
the first NHC lanthanide complexes: that is, displacement of a imidazol-2-ylidene to the imidazolidin-2-ylidene and to the
THF by a carbene ligantf? ¢ amino—-phenyt-carbene. Although fairly small in magnitude,

The nature of the Smcarbene bond in Sm@mono-adducts  these variations nicely correlate with those of the carbene-to-
was then studied by both molecular orbital and natural bond samariums-donation, as estimated from the NBO analyses. In
orbital (NBO) analyses. In addition to the expected carbene- all cases, the contribution of the “secondary” interactions
to-metalo-donation, particular attention was paid to the possible remains negligible. Interestingly, coordination of the abnormal
contribution of weak “secondary” interactions such as carbene- NHC D to SmCk was predicted to be favored by about 10 kcal
to-metalr-donatiort and chlorine-to-carbene “peripheral” back- mol~1 in comparison to that of the related imidazol-2-ylidene
donation®” Although the CtCcamenedistances in the various ~ A. Accordingly, the energetic separation betwe®rand its
adducts remain rather long (more than 3.38 A, compared to 3.45wrong isomerD (18.2 kcal mot? in favor of A) is reduced
A for the sum of the van der Waals radii), rather acute-Cl  down to 7.7 kcal mai! for the corresponding Smgmono-
Sm—Ceamenebond angles (down to 8P were found in some adducts. Here also, the strengthening of the-8lpencbond,
cases (Table 1), raising the question of the possible involvement
of a bonding interaction between the chlorine lone pairs and  (17) In a similar way, Arnold et al. recently observed marked bending
the carbene vacant orbitdl At first glance, the presence of |1 Ti(NHC)(O-i-Pry(Br)s-n complexes without specific pseudo-back-

. . onding between the adjacent ligands and the carbene center: Mungur, S.
occupied orbitals of adequate symmetry, even for adducts p : gjake, A. J.; Wilson, C.; McMaster, J.; Arnold, P. Drganometallics
featuring long CCeamengdistances, may argue in favor of such 2006 25, 1861-1867.
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which is also apparent from the noticeable shortening of the set!®1°In all cases, the basis set has been augmented by a set of

bond length (from 2.58 A in SmgJA) to 2.51 A in SmC}-

f polarization functiong? Carbon, nitrogen, oxygen, and hydrogen

(D)), is directly related to a stronger carbene-to-samarium atoms have been described with a 6-31G(d,p) doghiasis set

o-donation (65.0 kcal mol), as estimated from the NBO

Calculations were carried out at the DFT level of theory using the

analysis. The stronger donating properties of abnormal NHCs hybrid functional B3PW9223 Geometry optimizations were
have already been demonstrated by Crabtree et al. from thecarried out without any symmetry restrictions, and the nature of

averagev(CO) stretching frequencies within Ir(C&)I(NHC)
complexes, which reflect the superpositioncetionation and
m-back-donatior® Similar variations are observed here for the
coordination ofA andD to a & metal partner such as Smgl
which emphasizes the differemtdonating properties of the two
NHC ligands. As observed for carbengs-C, only negligible
contributions of carbene-to-samariurrdonation and chlorine-
to-carbene back-donation were observed Egrso that the
coordination of amine-carbenes to SmeHtefinitely seems to
be driven by the carbene-to-metationation. Notably, the trend
observed in terms af-donation within the four Sm@imono-
adducts, thatid) > A = B = C, also holds true for the second

the extrema (minima) was verified with analytical frequency
calculations. All of these calculations were performed with the
Gaussian 98 suite of programs. The electronic density has been
analyzed using the natural bond orbital (NBO) technitfue.
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energies (Table 1). In all cases, the values for the secondny060924G

coordination were about half of those of the first coordination.

Conclusion

The coordination of four model amir@arbene ligands to
SmCk has been investigated at the DFT level of theory. The

formation of the mono-adducts was predicted to be strongly

thermodynamically favored for all carbenes, and the-Sm
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variation has been observed between the four model amino
carbene ligandd—D. Even larger differences may be expected
for f-block metals more covalent than samarium, and work is
in progress in that direction.
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