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A metalloprotein X-ray structure can show situatibn (LpM = metal and ligands), where a N-bound imidazole
where the imidazole ring atoms are undefined owing to rearranges to the C-bound form, with the proton originally
similar scattering by CH vs N. Histidine is considered an bound to the 2-carbon moving to nitrogen.

N-donor, so structur@ is assumed. Could the tautomeric

C-donor 3 ever be the thermodynamically stable form? LnM\N L

Binding to at least one electrophile;"E= H*, does make 5

the two forms isoenergetic by definition because protonation H<©j _— L“M—<@

both of imidazole 4) and of its carbene formbj leads to N : N4
Y i’

the same imidazolium sal6). Complexation with other E
electrophiles should give tautomeric forms with similar

energies if the E electrophiles resemble *H Imidazole-derived carbenes bound at C-2 are krfown
where at least one N bears a proton and where the equi-

librium of eq 1 could therefore in principle occur. The rear-
rangement is not seen, but this does not prove the C-bound
\\ NH form is more stable, because these species were only formed

via nucleophilic attack by an amine on M(CNR), directly

M }\/1 giving the C-bound imidazole. The C-bound form could be

a kinetic product; failure to isomerize to the N-form is not

H informative because it can be very slow. The 1,2 shift from

to C-binding occurs in eq 2. This presumably means that
the C-form is the thermodynamically most stable one for

C-bound N-heterocyclic carbenes suctVamve achieved ~E" = Ru(ll),? but no reversible equilibrium was seen, so
prominence in recent years as spectator ligands for a varletythe thermodynamics could not be unambiguously established.
of catalytic reactions. Their high trans effect and tight

H
/
+ 5 to 4 has been shown to have a high activation enérgy.
Q H I : O H In just one case has a conversion directly related to eq 1
< N N been seen. Taube showed-katalyzed conversion from N-
4 ‘H 6 h

\
5 H

binding to the metal make them very different from a —|+ NH3 —‘2+
N-bound imidazole. These species have both nitrogens alky- W/{ |/ NH3
lated, however, so there is no likelihood of isomerization to HNQ/N—/R“—G O u—OHz 2)
the N-bound form. H;N l N Hs

NH;, NH3

Here we address the relative stability of C- and N-bound

isomers and therefore the position of equilibrium of eq 1 Imidazolium salts/ can be deprotonated to give carbenes
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9 that can be highly catalytically active. Carbenes such as Table 1. Relative Energie\E (kcal/mol) of the C- vs N-Binding
normally resemble PRin their properties, and so are soft Forms along with the ¥-C and M-N Distances (&)

ligands; but with a high trans influence. A conventiorg Metal fragmerft AF° M=C M—N
imidazole, in contrast, resembles pyridine in being hard and  {Ru(NHs)4(CO)} 2+ 13.1 2.130 2.186
having low trans influence. C-binding of histidine in metallo- {EU(HHB)SCi ;g i-gég gﬁi
proteins, if possible, could usefully modulate_ the redox pot(_an— %RﬂEN&%ﬁ(H}ZO)}” 37 1986 5074
tial, the hardness/softness, and the trans influence of His. {Os(NHs)4(H20)} 2+ -2.1 1.974 2.052
{Re(PH),CI}* -6.2 2.035 2.145
R R R Ir(PHs),Cl -8.3 1.949 2.047
/. / / {PtCh(NH3)} —-10.6 1.951 2.025
{PtCk} - -14.1 1.946 2.057
- | . l M {PtCL(H-0)} ~15.0 1.922 1.984
: {Pt(PH),CI} -5.1 1.996 2.056
N N N {PdCk} - -7.1 1.975 2.104
R L N {NiClg} ~ -2.1 1.910 2.002
{Au(NHz)} * -3.2 1.987 2.024
7 8 9 AucCl e -2.0 1.986 2.061
{Au(OHy)} * -6.7 1.964 2.001
Prior work shows that the C-binding mode has different E#C' 18-8 1.9012 1.930
chemical behavidrand in one casamay well be more stable, free imidazole 1289

but it is not clear what factors affect the outcome and . ) o ) )
therefors when each form 1 el 1o occur. Here e use |, SUeE 0 tnsbotticd iiszoimiase tars o i
DFT calculations to find the stability trends for N- vS A3 eGeometry compares well with experiméhi.
C-binding for different metal fragments. DFT (B3PW91)
calculation& were carried out for a number of representative AE = 3.7kcal/mol. With 3,4-dimethylimidazole, the real
complexes. The geometries of all species (fully optimized Taube complexAE is calculated to be-1.5 kcal/mol. The
without symmetry constraints) present no unusual features.Me groups have no influence on ti for the free ligand
A decomposition ana]ysisy to be discussed e|Se\N‘ham (285 vs 28.9 kCﬁI/mOl), but steric factors favor C- over
the constrained spae®rbital variation (CSOV)method to N-coordination. Hydrogen bonding with solvent water could
give results in accord with the interpretations discussed herealso favor C-binding since the N-form has only one free
and with Frenking’# CDA analysis. N—H to form a hydrogen bond, whilé-imidazole has two
Table 1 gives the metal fragments with their calculated N—H bonds.
AE for C- vs N-binding, with positiveAE indicating more Table 1 shows useful trends. For example, changing the
stable N-binding. When the metal is absent, the pure organictrans X in {Ru(NH;).X}9* from water to higher trans
rearrangement of to 5 has a calculated\E of 28.9 kcal/  influence, lessz-donor groups progressively favor the
mol in agreement with previous studiesThis is large ~ N-imidazole: X= Cl, 3.9 kcal/mol; NH, 7.3 kcal/mol; CO,
enough so the carbene tautomer is expected to be insignifi-13.1 kcal/mol. Broadly similar trends are seen in PXGind
cant at equi“brium, but small enough so that coordination AUX, where X is alWayS trans to imidazole. This is consistent
to a suitable metal fragment could compensate and stabilizeWith high trans effect ligands tending to avoid being mutually
the carbene complex. Coordination to a metal should stabilizetrans. M-C are shorter than MN bond lengths in the
the carbene because they usually bind much more stronglyoPtimized structures (Table 1) as expected.
than amines. Moving down the periodic table, in contrast, favors the
Since protonation of both and5 gives6, the AE for H* C-form: NiCl;™, —2.1 kcal/mol; PG, —7.1 kcal/mol;
is zero. For AuCl, isolobal with the proton, the calculations PtCk™, —14.1 kcal/mol. A similar trend is seen for Os vs
ShOW a Sma" negativAE (Tab|e 1) A|though a|so iso|oba| Ru. FirSt-FOW transition meta|S in genel’a| seem pOOI’ Candi'
with H, CuCl significantly prefers the N-form, perhaps dates for stabilizingC-imidazole; for example, the CuCl
because the more electropositive Cu prefers to bond to thefragment has @E of 10 kcal/mol.
more electronegative N. The polarization of the imidazole=€N bonding orbitals
For the model Taube complex (unsubstituted imidazole), toward the more electronegative N means the antibonding

calculations indicate that the N-form is more stable, with Orbitals are polarized toward C, suggesting that tfe
acceptor ability should be greater at C than N, so strongly

(4) Heinemann, C.; Thiel WChem. Phys. Letl.994 217, 11. McGibbon, m-basic metal fragments should stabiliZamidazole. For-

G. A.; Heinemann, C.; Lavorato, D. J.; Schwarz, Ahgew. Chem., ; . P . .
Int. Ed. Engl.1997, 36, 1478. Maier, G.; Endres, J.; Reisenauer, H. mation of an N complex is & criterion for a strongl?y basic
P.Angew. Chem., Int. Ed. Engl997, 36, 1709. metal, and two such systems, Re@pgl and Ir(PH).ClI,
(5) Becke, A. DJ. Chem. Physl993 98, 5648. Lee, C.; Yang, W.; Parr, m Is for Re(PM | and Ir(PP 1.9in favor
R. G.Phys. Re. B1988 37, 785. Perdew, J. P.; Wang, Phys. Re. Ode s 10 e( . eFiD'hC' and ( B)zC ' deed fa 1?)
B 1992 45, 13244, C-imidazole.C-Imidazole is not a very googa-acceptor;
(6) giegfner-gregrel\,ﬂc-: Marqttlez, A Sil\;i, B.; Sini, G.; Eisenstein, O.; however, as the MC bonds are always closer to single than
raptree, R. H. Manuscript in preparation. . .
(7) Bagus, P. S.; Hermann, K.; Bauschlicher, K. C. WChem. Phys double (Table 1). Metal fragments essentially devoid of back-

1984 80, 4378.

(8) (a) Bthme, C.; Frenking, GOrganometallics1998 17, 5801. (b) (9) Chatt, J.Chem. Soc. Re 1972 1, 121.
Arduengo, A. J. lll, Goerlich, J. R.; Marshall, W., J. Am. Chem. (10) Perrin, L.; Clot, E.; Eisenstein, O.; Loch; J.; Crabtree, Rindrg.
Soc.1995 117, 11027. Chem, in press.
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bonding ability are therefore still capable of stabilizing the  N-Imidazole is indeed by far the most likely tautomer for
C-imidazole form if the M-C o-bond is strong (e.g., first-row elements. For second- and third-row elements,
Au(l)). C-imidazole becomes possible. First-row elements dominate
A much less stable C-bound isomer results from metal metalloenzymes, but Mo and W are sometimes preSent.
binding to the 4(5) position, where only one N is now addition, heavy metals, such as Au or Hg, are deliberately
adjacent to the carbon. The free “carbene” at C-4 is calculatedintroduced into proteins, for example, to provide a strong
to lie 20.0 kcal/mol above the C-2 carbene. With RtCl  scatterer for X-ray studies. A protein could in principle favor
bound, the C-4 carbene lies 23.3 kcal/mol above the C-2 C- versus N-binding to some extent by having H-bond
carbene. acceptors appropriate for the C- but not the N-form. The
The data reported here are valid for imidazole itself but hydrogen-bonding pattern around the imidazole may there-
cannot safely be extended to N-substituted imidazoles. In fore provide the best indication of binding type, as indeed
particular, the calculated structure of the RtQlerivatives ~ Was shown for the Taube example. Even so, aromatiéiC
shows that the imidazole ring is coplanar with the BtCI ~ groups can also form weak H-bonds, so the H-bonding
square plane. Both NH protons are close to the corre- Pattern may not be trivial to analyze.
spondingcis-Cl groups (C-bound isomer, NHCI = 2.316 Even whereC-imidazole is more stable, there may be a
R), and there is likely to be a significant energy contribution Significant interconversion barrier, as in Taube’s case, where
from the resulting N-H-+-CI hydrogen bonds. The imidazole ~acid catalysis was needed. For a metalloprotein, fénfo
ring in N-alkylated derivatives would likely become non- C-imidazole interconversion may likewise need catalysis.
coplanar, and NH---Cl interactions would in any case no
longer be possible. In a test calculation, when the C-bound
imidazole ring was rotated 9@o become out-of-plane with Calculations were carried out with the Gaussian 94 set of
respect to PtGl, the energy of the system rose by 13.3 program$* with a Hay—_Wadt ECP (guasi-relativistic _for all
kcal/mol. Although some of this amount may be ascribed 23‘;'21';; bi/ngolc;?zavt\;g: ftl::qutﬁ)snss(,)?;?tidaggllggt_hb;s;o;e;
to Changeslln ML bonding, M_L pack-donatlon usually were represented with a 6-31G** basis ¥etMP2 and MP4
plays a minor role, especially in Sq_uare planar com- calculations for typical species gave insignificanE from DFT.
plexes!! so the overall energy change is probably largely
the result of breaking two NH---Cl hydrogen bonds on 90 Conclusion
rotation. Consistent with this picture, the C-bound form is

not slo T]UCh favErﬁd d(2 kcalt/)mo(Ij) as the N-bound fo(;r; for more stable than the conventional N-bound forms for several
AuCl, where such hydrogen bonds cannot occur. In addition, go.onq. ang third-row transition metals. Protein crystal-

when bound at the 4-position, the imidazole bends in such lographers may therefore need to be aware of the possibility
a way that the NH-Cl becomes mgch shqrter (2.142 ,’B‘) of C-binding in heavy metal derivatives of proteins.

than the CH-+Cl (2.76 A), again consistent with an attractive
NH---Cl interaction in the case of the PtClfragment. Such Acknowledgment. We thank Dr. C. Giessner-Prettre
hydrogen-bonding effects could easily occur in the protein, (UniversiteParis VI) for MP calculations and discussions.
of course, but involving NH+-OH, or NH~~OOC— hydrogen G.S. thanks the Universite Cergy-Pontoise for computing
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preference for the C-bonded forms is always small for the (12) Grindemann, S.; Kovacevic, A,; Albrecht, M; Faller, J. W.; Crabtree,
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Computational Details

C-bound imidazoles are predicted to be thermodynamically
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