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The emergence of N-heterocyclic carbenes (NHC) as an effective Chart 1. Ruthenium Carbene Species Investigated in This Study

class of ligands in organometallic chemistry has revolutionized the Where L = PCy3 (a) or L = HzlMes (b)°
field of homogeneous catalysisThese ligands have been shown

e Lk ¢l e
to modulate reactivity in a number of catalytic systems with | & | & . | &
generally positive effects on activilyA well-known example is /TU—_\ /RU——\ ® PY;TU——\
that of the classic Grubbs olefin metathesis catalysts of the form ¢ pcy, Ph C PCy; CI" py» Ph

Cl,L(PR3)RU=CHR (see Chart 1). The parent bisphosphine pre-
catalyst, that is, the first-generation Grubbs catéljist, L = PCys),

is generally less active than the equivalent second-generationtneir structural similarities near the metal center; however, a distinct
catalyst® (1b, L = H.IMes) where one of the phosphine ligands gifference emerges upon fitting the edge jumpisf&r 1bis higher

has been replaced with an NHC ligand. It was originally thought than that forla by 0.8 eV (see Table 1). Analysis of second
that initiation (i.e., phosphine dissociation) Bib would be faster derivatives of the edge data (inset, Figure 1) confirms the shift to
than inla because of stronger-donation from the NHC ligand  higher energy irib. These data suggest that the charge on the metal
relative to PCy.#® However, kinetic data have shown that, although jgon is larger (more positive) for the NHC-bound complex than for
1bis an overall more active catalyst,it is a poorer initiator by 2 the analogous bisphosphine complex. The observed energy differ-
orders of magnitudefor reasons that have remained elusive. In  gnce is smaller than that which has been observed in oxidation state

this study, we report the first experimentally verifiable rationale changes{2 eV)s but greater than the experimental ertofhis
for the differences in initiation rates between these two precatalysts, result implies, at least to a first approximation, thaiMes is

on the_ bas_is o_f unexpected electronic differences betwegmiR donating less electron density to the metal than £@ich is
NHC ligation in these and related complexes. contrary to the generally accepted behavior of these ligands.

The ability to experimentally determine the effect of a specific g explore this effect more closely, we comparedsBr two
ligand on a catalytic center is challenging because of the numerousrelated classes of metathesis-active Ru carbenes: the four-coordinate
factors involved. Qur approach to this prpblem focuges on the US€ piers phosphonium complex*&¢2a,b) and the six-coordinate bis-
of element-specific X-ray spectroscopies in conjunction with (3-promopyridine) speciés(3ab). In each case\lEyis positive
electronic structure calculations to probe bonding, quantify elec- (see Supporting Information, S%; Table 1), although the mag-

tronic contributions to reactivity, and determine the influence of pjtyde of the change varies with coordination number (see Sup-
specific catalyst modifications. To address the paradox of the

observed kinetic differences betwetaandl1b, our initial efforts 12
have focused on determining the electronic effect of &l NHC
ligation on the metal center itseltVe have thus used Ru K-edge
X-ray absorption spectroscopy (XAS) to probe the nature of the
metal center as a function of its ligand environment in these
important ruthenium-carbene species.

In the near-edge region of the Ru K-edge XAS spectrum, two
important features of relevance to ligand effects on the metal center
are expected. First, pre-edge features due to discrete transitions to
low-lying valence states such as Ru<4tls transitions are ob-
servedi® Second, an intense edge jump feature corresponding to
electric dipole allowed ionization of a Ru 1s electron (i.e.,
Ru co<1s) dominates the spectrufimportantly, the energy of
this metal 1s ionization (IE), which corresponds to the rising edge s N
of the spectrum, is sensitive to the overall isotropic charge [
distribution at the metal center, that is, it is a good measure of the
charge at the Ru centeyd().}* 13 Therefore, Igsis a useful probe
of the overall donor properties of the ligands surrounding the metal Energy, eV
centert3.14 Figure 1. Near-edge Ru K-edge XAS spectra foa (L = PCy, black)

Figure 1 shows he Ru K-edge XAS nearedge specrddor | JUID( Tl ) s S8 RIS e e e
and “?- The data Vyere fit V,V'th a cumulative Gaussian/Lorentzian coding (raw data arge offset for clarity). Inset: Second derivative plots of
edge jump and a single Voigt pre-edge feature. The overall featuresihe data in the edge region. Arrows are used to indicate the differences in
of the spectra are quite similar, as would be expected owing to the edge jump positions (1§ between the two complexes.
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Table 1. Experimental lonization Energies (in Electron-Volts, eV) } N

R _ R - ', |
and DFT-Calculated Ruthenium Charges (Mlk = Mulliken, MDC = n backbonding

Multipole Derived Charges Including Quadrupole Contributions) cdonation\} N
IEss AlE u Adsy Roo  Adw© 1\ f/ ¥
la 22122.7 +0.8 0.36 +0.27 1.35 +0.26 X\ \/ jJ o \ -----
b 221235 0.63 1.61 Y Wi AN
2a 221227  +1.0 054 +0.31 1.79  +0.35 & {/‘\‘5“'"{ YA
2b 221237 0.85 2.14 2N = § <
3a 221229 +04 083 4024 162 +0.21 R ¥ ‘ﬁ
3b 22123.3 1.07 1.83 7 j, Nch*f
a Differences defined aAX = X° — xa
_— ——— Rudds+
Ru4d+
porting Information, S13). We note tha&lE;s decreases with
increasing coordination number, which implies that the other ligands C=Ru+

mediate the effect through charge redistribution. The trend is C2p N C2p

maintained over an even larger series of similar complexes, with = = = s
. > /Rudd\ —e-@—

an averag@\lE;sof +0.5 eV @ab—7ab, see Supporting Informa- o Ru4d, / Ru4d;,
tion, S4-S10). In every case, the result is the same: the metal & /
center ismore positiely chargedwith NHC ligation. g C3p —— —o0— i —

The Ru 4d-1s pre-edge features are also expected to shiftto  * " @8 ClI3pno/n —oo—
higher energy in response to changesqgi.'? This is clearly ‘\
observed irlab (+0.4 eV, see Figure 1) arghb (+0.5 eV)10.19 \ o U3 a8t
Similarly, the energy of electric dipole allowed Ru <4@p (PR)p—— s (PRyJe
transitions in the Ru Lsedge XAS spectra show an analogous
positive energy shift (see Supporting Information, S?2}.Both R —ee— —86= [1 Ry
of these results are consistent with the assertion that the metal center L. ¢ 1a 1b
has less electron density for the NHC-bound complexes than for CI;R“'\pR3
the bisphosphine species, which should play an important role in
defining their relative reactivities. Figure 2. Simplified representation of the valence electronic structure for

Density functional calculatiod3 have been used to evaluate 1a(left) andlb (right). MOs are color coded by fragment orbitals as shown

whether these unexpected results are also observed theoreticall)m the structure at the bottom left. Only important contributors to bonding

. . . -are included; filled alkylidene and NHC-based orbitals are significantly
and to explore the provenance of the differences in charge donatlon.deeper in energy and not shown in this diagram. A complete listing of
As shown in Table 1, the charge at the Ru center is consistently valence MOs are given as Supporting Information (S822). Relevant
more positive Agr, > 0) in the complexes where £ HylMes, in MOs for 1b discussed in the text are also shown: the dominantiRdC
accordance with the experimental data. A Mulliken population ©¢-donor interaction is seen in the highest-lying Ru-4drbital (2134,
analysis of the calculated electron density distribution indicates that 0.0% fAS% whereast-backbonding to the NHC ligand is seen in MO 2194
) . > (0.05%7/A3).
the electron occupancies of the Ru 4d and 5p orbitals experience
the greatest changes in charge distribution betwee(7.06, to o-donation are illustrated in the molecular orbital (MO) diagrams
0.47e7) and1b (6.94e, 0.34%"), confirming that these differences  shown in Figure 2. Contrary to-donation,s-backbonding will
primarily reflect anisotropic covalent interactions with the valence act to remove electron density from the metal center; therefore, it
Ru 4d orbitals?® is expected that increasing-acceptor character will decrease
An orbital analysis of the KohnSham orbitals inla,b reveals electron density at the metal center. The orbital analysis indicates
specific differences in bonding, which determine the differences negligibles-contributions to Ru-PGybonding in bothlaand1b.?4
in ligand donor/acceptor interactions between these complexes. InBy contrast, a noticeable interaction is observed between the metal
general, the effect of changing L from Py H,IMes results in center and the HMes ligand inlb (see Figure 2). The interaction
only a minor perturbation of the overall bonding in the molecule. represented by the RtNHC s* orbital accounts for a 0& shift
For instance, the overall ligand field changes very little (see Figure in electron density from the Ru center to the ligand. This simple
2), with just a slight impact on the total bonding. This is consistent orbital analysis, which focuses solely on the major contributions
with the only minor changes observed in the entire near-edge regionto differences in charge delocalization, accounts for essentially all
of the Ru K-edge spectfa(see Supporting Information, S11) as  of the calculated\gr, (see Table 1): 0.3 through a decrease in
well as a very small effect on Cl 3p donation into the Ru 4d orbitals o-donation and an additional &1 due tosr-backbonding.
as measured by Cl K-edge X&SThe differences in Ru-L bonding, The nature of the ligand properties of phosphine and NHC ligands
however, indicate that replacing a phosphine ligand with an NHC and their differences have been explored experimentally by oth-
ligand alters the electron distribution at the metal center through ers?>2% although these have generally focused@donation as
two distinct mechanismsu-donation andr-backbonding. the predominant contributor to bonding. The potentialfacceptor
Electron delocalization througb-donor interactions from the  character of NHC ligands has recently received more scréfiny.
ligands acts to increase electron density at a metal center. In theséelheoretical studies have explored these issues as well as electrostatic
complexes, the composition of the two empty.4arbitals reflects stabilization and their respective contributions to metigland
the nature of thes-donor character of the ligands. A Mulliken  bonding?®-31 A major conclusion of recent theoretical work is that
decomposition of these orbitals indicates that the calculated chargethe strength of M-PR; and M—NHC bonds are dominated by
donation from the conserved Pgigand is almost identical in both  electrostatic as opposed to covalent contributions. Furthermore,
complexes. However, charge donation from L differs substantially these studies indicate that the covalent contributions to bond
depending on its identity: it is greater for P{g 1a(0.36e7) than energies are generally larger for phosphine lig&h@5—44%) than
for the NHC ring in1b (0.2Ce™). The most important contributions ~ for NHC ligands?! (22—32%). Although it is difficult to compare
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such findings directly with charge delocalization, these results (5) guar}%,gé. fﬂ%«é\ﬁgé?; Nolan, S. P.; Petersen, J. Am. Chem.

i — ocC. .
suggest t_ha_t stronger L. bonding Wh_en L= NHC ‘}’095 nOt_ (6) (a) Herrmann, W. A.; Kocher, @ngew. Chem., Int. EA.997, 36, 2163~
necessarily imply greater charge donation from that ligand. Given 2187. (b) Huang, J. K.; Schanz, H. J.; Stevens, E. D.; Nolan, S. P.
these results and our experimental and computational findings, it OrganometallicsI999 18, 2370-2375.

. (7) (a) Morgan, J. P.; Grubbs, R. Brg. Lett.200Q 2, 3153-3155. (b) Scholl,
seems most reasonable to suggest that NHC ligands are poorer M.: Ding, S.; Lee, C. W.: Grubbs, R. FOrg. Lett. 1999 1, 953-956.

charge donorsthan phosphine ligands even though they form  (8) (&) Sanford, M. S.; Ulman, M.; Grubbs, R. Bl. Am. Chem. So@001,
bond2 123 749-750. (b) Sanford, M. S.; Love, J. A.; Grubbs, R. H.Am.
stronger bonds® Chem. Soc2001 123 6543-6554.

The fact that there is greater charge delocalization in the first- (9) Abbreviations include PGy= tricyclohexylphosphine, HMes = 1,3-

: At ; bis (2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene, Rlphenyl,
generation precatalyst and thidtHC ligation results in a more and py*= 3-bromopyridine.

electron-deficient metal centeshould have important implications (10) Getty, K.; Delgado-Jaime, M. U.; Kennepohl, Iorg. Chim. Acta,

regarding the relative reactivity diaand1b. We propose that our published online, 2007, doi:10.1016/}.ica.2007.07.029.
. . . . (11) (a) de Groot, FChem. Re. 2001, 101, 1779-1808. (b) Tromp, M.;
results provide a compelling rationale for the experimentally vanBokhoven, J. A.; vanStrijdonck, G. P. F.; vanLeeuwen, P. W. N. M.;

observed initiation rates in these precatalysts: the rate of phosphine ?ggingsberger, D. C.; Ramaker, D. E.Am. Chem. So@005 127, 777~
dissociation is slower |npdue to the |ngreasec_l e_Iectron-Qeﬂuency (12) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.: Hodgson, K.
of the metal center relative ta. Interestingly, similar relative rates O.; Solomon, E. 1J. Am. Chem. S0d.997, 119, 6297-6314.

B ot ; B (13) (a) Cramer, S. P.; Eccles, T. K.; Kutzler, F. W.; Hodgson, K. O
of dissociation between phosphine and NHC ligands have recently Mortenson. L. £J. Am. Chern. $04976 98, 1287-1288. (b) Wang, C.

been observed in Rh(l) complex&We are currently exploring M.; Cargill, G. S.; Chan, H. M.; Harmer, M. B. Am. Ceram. So2002
whether this conclusion may be extended to other systems of 85, 2492-2498.
. K i . (14) (a) Hu, Y.; Corbett, M. C.; Fay, A. W.; Webber, J. A.; Hodgson, K. O.;
importance in olefin metathesis and beyond. Hedman, B.; Ribbe, M. WProc. Nati. Acad. Sci. U.S.200§ 103
The details of charge delocalization in these systems are still a 17119-17124. (b) Hyung, K. W.; Kwon, T. K.; Jeon, YSolid State
j ideration, especially since the nature ofitheteractions Commun2003 125 299-264.
major consl e_ra on, esp y (15) Hwang, B. J.; Chen, C. H.; Sarma, L. S.; Chen, J. M.; Wang, G. R.; Tang,
should be highly dependent on the metal cefftelt seems M. T.; Liu, D. G.; Lee, J. FJ. Phys. Chem. R006 110, 6475-6482.

particularly important to provide experimental measures of bonding (16) The experimental error based on run-to-run deviations@s and 0.1
eV based on calibration scans to Ru foil.

contributions as a way of complementing and validating theoretical (17) Romero, P. E.; Piers, W. E.; McDonald, fagew. Chem., Int. E@004

investigations in these areas. For this reason, and especially given 43, 6161-6165.

. . . . (18) (a) Love, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, RAfgew. Chem.
the predominance of these ligands in homogeneous catalysis, our Int. Ed. 2002 41, 4035-4037. (b) Trnka, T. M. Dias, E. L.; Day, M.

ongoing efforts focus on spectroscopic characterization of the 19 WH; Grubbs, R. HArkiv;)chZOOZ 28541' ) | b

e SR [ ; 19) The energy position of the pre-edges in7&,b are less reliable since
specific nature of_covalent contributions to bonding in phosphines they are extremely weak. In these cases, shifts are within experimental
and N-heterocyclic carbenes. error.
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