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A computational chemistry analysis combined with a crystallographic database 

study of the bonding in late transition metal N-heterocyclic carbene (NHC) complexes is 

reported.  The results illustrate a metal-carbon bond for these complexes, approximately 

4% shorter than that of a M-C single bond found in metal alkyl complexes. As a 

consequence of this result, two hypotheses are investigated. The first hypothesis explores 

the possibility of multiple-bond character in the metal-carbon linkage of the NHC 

complex, and the second, considers the change in the hybridization of the carbenoid 

carbon to incorporate more p character. The latter hypothesis is supported by the results. 

Analysis of these complexes using the natural bond orbital method evinces NHC ligands 

possessing trans influence. 
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CHAPTER 1 

INTRODUCTION 

There has been considerable experimental interest in the chemistry of N-

heterocyclic carbenes (NHCs) following upon the work of Arduengo [1].  His work 

focused on methods leading to the formation of M(NHC)2 complexes (scheme 1). 
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Scheme 1. Arduengo’s starting material (a), imidazolium, for the formation of the bis-
carbene metal complex (b). 

Much of the industrial and academic interest in NHC complexes has been 

formulated on the basis of these ligands as phosphine (PR3) equivalents.  NHCs examined 

in this paper are those derived from imidazoles, pyrazoles, triazoles and Wanzlick dimers 

(scheme 2) [2].   
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Scheme 2. NHC ligands derived from (a) imidazoles, (b) pyrazoles, (c) triazoles and (d) 
Wanzlick dimmers; R = H, CH3, CxHy. 
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NHCs not only mimic phosphine ligands, but they possess a clear advantage over 

phosphines due to the TM-NHC complexes’ “high thermal and hydrolytic durability” [2] 

resulting from very stable M=C bonds that are highly resistant to oxidation.  The NHC 

ligands’ “easy accessibility” has also been demonstrated [2], thus increasing their 

popularity as substitutes for the classical 2e- donor ligands such as amines, ethers, and 

phosphines.  Industrially, the use of TM-NHC complexes as catalysts increased mainly 

because there is “no need for an excess of the ligand” to complete a reaction, thus cutting 

the costs tremendously [2].  Due to their burgeoning acceptance as 2e- donor ligands, 

NHCs found use in a wide variety of organometallic reactions.  For example, NHC 

complexes of Pd have been investigated for their utility in the Heck coupling reaction in 

organic synthesis [3].  The Heck coupling reaction utilizes NHC complexes as catalysts 

(scheme 3).  

PdII

C

C

X

X

N

N

N

N

H2C

CH3

CH3

PdII

C

C

X

X

N

N

N

N

CH3

CH3

H3C
H3C

(a) (b)  

Scheme 3. NHC catalysts used in Heck coupling reaction. X = Cl, Br, I. 

Complexes 3a and 3b are extremely stable and become active when reduced with 

formiate or hydrazine to generate the Pd0 species.  Augmenting the TM-NHC’s incredible 

preponderance, the low catalyst loadings necessary to obtain yields greater than 99% are 
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less than 10-3 mol% (X=Br) and between 0.1 and 1.0 mol % if X=Cl [4].  Grubbs and 

coworkers have studied NHC complexes of Ru for ring closing metathesis reactions [4].  

Their proposed catalyst 4a although it has a lower reactivity at room temperature than the 

parent catalyst 4b, but at a little bit higher temperatures its reactivity escalates 

tremendously.   
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0.02 M Ph-CH3
RT, 1.5 hrs

 

Scheme 4. Grubbs’ proposed catalyst for the olefin metathesis reactions. One of the 
phosphine groups has been replaced by a NHC ligand with significant increase in 
reactivity at slightly elevated temperatures. 

Herrmann et al. studied the chemistry of TM-NHC complexes for industrially 

important catalytic reactions such as ketone hydrosilation and furan synthesis [2].  In 

addition to their industrial importance, there is evidence that NHCs may form under 

physiological conditions as a result of in vivo Maillard reactions [5].  Among other 

important catalytic reactions involving TM-NHC complexes are: Suzuki-Miyaura (5a), 

Suzuki Coupling (5b), Aryl Amination (5c), Amide a-Arylation, Sonogashira Coupling 

and C-H Activation [2]. 



 4

R
Cl

B

OCH3

(CH2)13CH3

+ K+ cat.
-KCl

R
(CH2)13CH3

B
+

OCH3

R Cl + (HO)2B
cat.

80oC, 1.5h
Cs2CO3
dioxane
- [ClB(OH)2]

R

R1

Cl + HN
R2

R3

cat.

R1

N
R2

R3

+ HCl

(a)

(b)

(c)  

Scheme 5. Suzuki Miyaura (a) R = H, 3,5-(OCH3)2, 4-CO2CH3, cat = Pd(OAc)2 + NHC; 
Suzuki Coupling (b) R = H, CH3, CO2CH3, cat = [Pd2(dba)3] + NHC; Aryl Amination 
(c) R1 = H, 2-CH3, 4-CN, 4-OCH3, R2, R3 = alkyl, aryl, (hetero)cyclic alkyl, cat = 
[Pd(dba)2] or [Pd2(dba)3] + NHC 

Beyond catalysis, NHCs have gained relevance in the field of materials science.  

Liu et al. describes thermally stable liquid crystals based on NHC-palladium complexes 

(scheme 6) [6].  Given their importance, this paper will augment previous studies on TM-

NHC complexes hoping to answer some questions about the nature of their bonding. 

 



 5

Pd

X

X

N

N

N

N

R

R

R

R

 

Scheme 6. Liu’s NHC-palladium complex forming the basis for a novel type of thermally 
stable liquid crystals. 

Stable NHCs have been ligated to a wide variety of transition metals (TMs) and in 

many respects their complexes comprise a third family of carbene complexes in addition 

to the Fischer and Schrock-type archetypes [7] construed by complexes such as 

Cr(CO)5(=C(OMe)Ph [8] and (neopentyl)3Ta=C(H)t-Bu [9], respectively.  NHC 

complexes are found in a variety of chemical environments and for a variety of transition 

metals not seen for prototypical Fischer- and Schrock-type carbenoid ligands.  For 

example, NHC complexes of silver [10] and mercury [11] have been structurally 

characterized.  Additionally, bis-NHC complexes such as NiI2(NHC)2 [12] and Ni(NHC)2 

[13] are without analogues for Fischer- and Schrock-type ligand sets.  It is reasonable, 

therefore, to probe the nature of the bonding in the metal-carbon linkage of NHC 

complexes, particularly those involving later transition metals (i.e., those of Groups 9 – 

12). 
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There have been extensive studies of NHC ligands at a variety of theory levels [14].  

Additionally, numerous computational studies of Schrock- and Fischer-type TM carbenes 

have appeared in the literature [15].  The seminal computational work on TM-carbenes is 

that of Taylor and Hall who discriminated the bonding in Fischer and Schrock carbene 

complexes as resulting from singlet and triplet coupling, respectively, of carbenes to the 

metal functionality [16].  Subsequent ab initio studies by Cundari and Gordon suggest 

that the description of the metal-carbon linkage is a linear combination of more than two 

resonance structures, some of which were not previously considered [17].   

To our knowledge, a systematic and comprehensive study of NHC complexes, 

particularly those of the late transition metals, has not been reported.  Herrmann and 

coworkers have reported an elegant electronic structural analysis of Group 6 NHCs using 

a combination of theory (density functional methods) and experiment (high precision X-

ray crystallography) [18]. Boehme and Frenking have addressed the bonding in NHC 

complexes of CuCl, AgCl, and AuCl with Møller-Plesset second order perturbation 

theory [19].  They also compared and contrasted NHCs to their silicon and germanium 

congeners.  Density functional calculations have been successfully employed to study the 

chemistry of NHC complexes of platinum and their “abnormal” (arising from H transfer 

to the carbene carbon) isomers [20].  As a contribution to the aforementioned TM-NHC 

literature, this paper reports a combined crystallographic and computational chemistry 

study of NHC complexes of the late transition metals.  Attention is focused on the 

response of the late TM-NHC linkage to modification of the metal. 
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CHAPTER 2 

COMPUTATIONAL METHODS 

Calculations were performed with the Gaussian98 [21] package.  Ab initio 

calculations utilized the Stevens effective core potentials (ECPs) and attendant valence 

basis sets (VBSs) [22].  This scheme, dubbed CEP-31G(d), entails a valence triplet zeta 

description for the transition metals, a double-zeta-plus-polarization basis set for main 

group elements, and the –31G basis set for hydrogen.  Tests were carried out with 

extended basis sets, e.g., f polarization functions on the metal, diffuse functions on main 

group elements, and small differences in calculated properties observed.  The CEP-

31G(d) ECP/VBS combination was used in concert with wavefunction (restricted Hartree 

Fock (RHF), Møller-Plesset second order perturbation (MP2), multiconfiguration self 

consistent field (MCSCF)) and density functional theories.  Several pure and hybrid 

density functionals were investigated.  The various methods researched were found to 

yield similar calculated results.  Hence, the results reported herein are for the B3LYP 

functional [23] due to the reduced cost of DFT versus correlated post-Hartree-Fock 

methods. 

The natural bond orbital (NBO) analysis [24] was used for studying the electronic 

structure of the late transition metal N-heterocyclic carbenes (NHCs) optimized at the 

B3LYP/CEP-31G(d) level of theory. 

The Cambridge Structural Database (CSD) [25] was mined for a variety of transition 

metal complexes.  Search refinements were employed to focus on the most reliable 

crystal structures.  Structures subsequent to search refinement cannot be ionic, 
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disordered, contain reported errors, or possess polymeric linkages.  Additionally, the R 

value must be less than 10%. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Comparison of M-NHC and Metal-Alkyl Bonds 

To first assess the nature of the metal-carbon linkage in N-heterocyclic carbine 

(NHC) complexes the geometry about the carbene carbon was investigated in the 

Cambridge Structural Database (CSD).  For the TMlate=NHC entities the sum of the 

angles at the carbene carbon was tabulated as well as the M=C-A3---A4 improper torsion 

(A3,4 are substituent atoms for the carbene carbon).  The former should be 360° and the 

latter 180° for a perfectly planar carbon atom.  The averages for the TMlate=C complexes 

in the CSD are 359.7° and 176.4°, respectively, for the sum of the angles and improper 

torsion at the carbene carbon, suggesting a planar carbon and the potential for metal-

carbon multiple bonding.    

A search of the CSD was performed for complexes designated as having a “double 

bond” between a late transition metal (i.e., from the Co-, Ni-, Cu- and Zn-triads) and a 

three-coordinate carbon, the majority of which possess NHC ligands.  Examples 

designated as carbenes were found for 11 of 12 late transition metals with cadmium being 

the only exception.  The average M=C bond lengths are organized in Table 1.  A 

complementary CSD search was conducted for M-C (four coordinate) complexes, and the 

M-C distances tabulated, Table 1.  The M=C/M-C ratio was calculated for each of the 11 

metals for which data were available. 
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Table 1. Late Transition Metal Carbenes and Alkyl Bond Lengths (in Å)a 

Metal Ave # Ave # Bond 

 M=C M=C M-C M-C Ratio 

Ag 2.07 2 2.17 23 0.95 

Au 2.00 22 2.09 256 0.96 

Co 1.92 13 1.98 722 0.97 

Cu 1.88 2 2.00 58 0.94 

Hg 2.09 4 2.10 146 1.00 

Ir 1.94 16 2.14 156 0.91 

Ni 1.89 20 1.96 154 0.96 

Pd 1.99 11 2.07 439 0.96 

Pt 1.98 23 2.08 877 0.95 

Rh 1.97 17 2.10 223 0.94 

Zn 2.01 1 2.00 214 1.01 

    Ave 0.96 

 

a  Metal-carbon bond lengths obtained from the Cambridge Structural Database [24]; 
‘Ave M=C’ is the average metal-carbon “double” bond length for NHC complexes; ‘# 
M=C’ is the number of metal-NHC samples found in the CSD; ‘Ave M-C’ is the average 
metal-carbon single bond length for alkyl complexes; ‘# M-C’ is the # of metal-alkyl 
samples in the CSD; ‘Bond Ratio’ is ‘Ave M=C’ divided by ‘Ave M-C.’ 

The average M=C/M-C ratio is 0.96 for the late transition metals, indicating an 

average 4% shortening upon going from a single to “double” bond.  This is much less 

than the ≈14% shortening seen for examples involving the light main group elements, 
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e.g., C-C  C=C. In experimental [26] and theoretical [27] studies of Group IVB 

chalcogenidos (LnM=Ch, Ch = O, S, Se, Te) bond shortenings upon going from M-ChR 

 M=Ch ranged from 10% (Ch = O) to 5% (Ch = Te).   

Of the experimentally derived M=C/M-C ratios for late transition metals the greatest 

shortenings are seen for the two Group 9 metals, i.e., those to the furthest right among 

those studied: rhodium (6% shortening) and iridium (9% shortening). Copper also has an 

average M=C/M-C ratio of 0.94, although this is based on only two Cu=NHC examples. 

Another database search of complexes was performed for the non-late TM(=CX2)(-

CX3) (X = any atom) motif.  Searching for single and double bonds within the same 

complex should minimize variations in metal-carbon bond lengths arising from 

differences in formal oxidation state or coordination number.  The data was organized by 

triad.  Sufficient examples (n > 3) were found for the Group 5 through Group 8 metals, 

and indicate a greater shortening than is seen for the late TM-NHC complexes: 

%shortening = 12% (Group 5, n = 12), 13% (Group 6, n = 34), 11% (Group 7, n = 5) and 

6% (Group 8, n = 8).  It is interesting to note that the percentage shortening upon going 

from a M-C to M=C bond is greatest for the Cr triad, and decreases markedly for the Fe-

triad.  Thus, taken together, analysis of the crystallographic data suggest minimal metal-

carbon bond shortening for TMlate=NHC complexes versus comparable TMlate-alkyl 

complexes. 

Change in Geometry Upon Coordination 

The geometries of free, non-coordinated NHCs were compared to those of ligated 

NHCs to see if any significant changes took place upon its coordination to the metal.  The 
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values obtained are shown in Scheme 6, and are based on 13 examples for metal-free 

NHCs and 156 samples for NHC complexes.  It is apparent from the data in Scheme 6 

(values for metal-NHC complexes in italics/bottom, Scheme 7) that there is little change 

in the NHC ligand upon coordination to the metal.  Note the disparity in length among 

the three different N---C bond lengths: Ca-N > Cb-N > Cc-N. 
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Scheme 7. Computational geometrical structure comparison of the NHC ligands, 
uncoordinated and ligated to the transition metals. 

A B3LYP/CEP-31G(d) geometry optimization of C3N2Me2H2 yields Ca-N = 1.46 Å, 

Cb-N = 1.40 Å, and Cc-N = 1.39 Å, in splendid agreement with experimental values for 

complexed and uncomplexed NHCs.  The calculated NBO bond orders are Ca-N = 0.99, 

Cb-N = 0.97 Å, and Cc-N = 1.36.  The different C-N σ bonds are each polarized towards 

N, in roughly a 2:1 ratio. Interestingly, the hybridization of the lone pair on the divalent 

carbon is almost nearly perfectly sp.  The populations of the pπ orbitals are 1.58 e- for 

each nitrogen and 0.63 e- for the divalent carbon.  The calculated NBO charges are N-0.49, 

divalent C+0.15 and alkene C-0.05. 
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The NBO analysis of NHCs is consistent with resonance between the two equivalent 

structures in Scheme 8.  This description of the NHC ligand suggests a substantial 

contribution from resonance structures B and C in the NHC complexes, Scheme 9.   
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Scheme 8. NBO analysis representation of NHC ligand. 
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Scheme 9. Representations of different possible resonance contributors from the NHC 
ligand. 

The NBO and structural analyses suggest that the C-N bonds in the NHCs are 

intermediate between single and double bond values.  To put the measured values for 

NHCs into an appropriate context several CSD searches were conducted for prototypical 

carbon-nitrogen single and double bonds (X = any atom), Scheme 10. 
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Scheme 10. Geometry of the CSD search query for carbon-nitrogen bonds. 
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These searches were divided into two classes:  organic C-N compounds (Z = non-

metal in Scheme 10), and metal complexes (Z = transition metal in Scheme 10) with C-N 

ligands (except cyanide).  Average bond lengths (in Å) for single and double carbon-

nitrogen bonds were as follows:  1.48 (C-N organic; n = 3657); 1.29 (C=N organic; n = 

786); 1.44 (C-N complexed; n = 25); 1.26 (C=N complexed; n = 153).  Variation in the 

metal center had no appreciable effect on the carbon-nitrogen bond lengths in complexed 

systems, including NHCs. 

The above values, combined with bond lengths for carbon-nitrogen triple bonds 

(searching for X-C≡N), were used to relate C-N bond length to bond order, as per Pauling 

[27].  The resulting equation 

RCN = -0.3011 * ln (BOCN) + 1.482 

was used to calculate C-N bond orders in a series of compounds.  Calculated bond orders 

based on the CSD average for NHC complexes, see Scheme 7, were 1.50 (N-Cc); 1.27 

(N-Cb); 1.11 (N-Ca).  Other carbon-nitrogen bonds have bond orders estimated from the 

above equation of 1.89 (organic C=N); 1.62 (pyridine [29]); 1.01 (organic C-N).  The 

NBO and structural analyses suggest that a third resonance structure also plays an 

important role in the chemistry of the NHC ligand, Scheme 10.  Rough estimates place 

the distribution between the two equivalent structures in Scheme 8 and that in Scheme 11 

as 80%:20%. 
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Scheme 11. Another NBO representation of the NHC ligand, showing the 2e- donor site/ 

Effect of Carbon Hybridization 

It is clear from the data in Table 1 that the M-C bond shortening upon going from 

alkyl to carbene is substantially less in percentage terms for late transition metals than 

that seen for carbene complexes of the early to middle transition metals.  Two origins for 

the shortening in late TM-NHC complexes immediately suggest themselves: (a) multiple 

bonding character in the metal-carbon linkage, and/or (b) a change in hybridization from 

sp3 to sp2 (as might be expected from the coordination environment of the divalent 

carbon) or sp (as suggested by the NBO analysis).   To investigate this further using the 

Cambridge database, a search was conducted for metal-acetylide (M-C(sp), X=H, Me, Cl, 

PMe3, CMe3, SiMe3, Ph) and metal-vinyl (M-C(sp2), 3-methyl-2-buten-2-yl) fragments, 

Schemes 12 and 13. 
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Scheme 12. Possible resonance contributors to the geometry of the vinyl complexes. 
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Scheme 13. Possible resonance contributors to the geometry of the acetylide complexes. 

The average metal-carbon bond lengths for the late transition metal-acetylides and 

vinyl are statistically indistinguishable from those for late TM-NHCs, Table 2.  Indexed 

relative to the “M=C” bond length of the NHC complexes, the average bond ratios 

obtained from the CSD are 1.00 ± 0.02 (M=C/M-acetylide) and 0.98 ± 0.02 (M=C/M-

vinyl). 

NBO calculations were carried out on optimized acetylide and vinyl complexes, with 

special attention given to the metal-carbon bonds.  Analysis of these complexes depicts 

metals and carbons as singly bound to each other, with a bond order less than one, 0.77 

for vinyl and 0.75 for acetylide complexes.  Three of the resonance structures for the 

acetylide and vinyl complexes are shown in Schemes 12 and 13.  The NBO analysis 

supports a combination of structures 12a, 13a (singly bonded) and 12c, 13c (dative). 
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Table 2. Metal-Carbon Bond Lengths for Vinyl and Acetylide Complexes.b 

Metal M- stdev n M- stdev n 

  acetylide     vinyl     

Au 2.03 0.03 31 2.03 n/a 1 

Co 1.88 0.03 7 1.95 0.04 9 

Hg 2.01 0.02 32 2.06 0.03 14 

Ir 2.01 0.03 10 2.03 0.04 11 

Ni 1.85 0.01 14 1.89 0.02 8 

Pd 2.00 0.05 12 2.00 0.02 7 

Pt 2.00 0.04 43 1.99 0.19 17 

Rh 2.00 0.03 15 2.06 0.06 13 

Mo 2.18 0.05 3 2.24 0.02 5 

W 2.12 0.04 9 2.28 0.02 5 

Ta 2.18 0.01 3 2.20 0.08 3 

Cr n/a n/a 0 2.07 0.05 6 

 

b Metal-carbon bond lengths obtained from the Cambridge Structural Database;24 ‘M-
acetylide’ is the average metal-carbon bond length for the metal-acetylide complexes; 
‘M-vinyl’ is the average metal-carbon bond length for the metal-vinyl complexes; ‘stdev’ 
is the standard deviation obtained from the complexes studied; ‘n’ is the number of 
metal-acetylide or vinyl samples found in the CSD. 

Analysis of the vinyl, acetylide and alkyl complexes support the existence of metal-

carbon single bond.  For the vinyl complexes analyzed, the average C1-C2-C3 angle 

matches that of an sp2 hybridized C2 carbon, with a value of 121±3°.  Angle analyses for 
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the acetylide complexes show no change from sp hybridization at the C2 carbon, with an 

average C1-C2-X3 angle of 179±1°, indicative of 12a as the lead configuration.  The sum 

of the TM-C-H angles in the metal-alkyl complexes theoretically would equal 328.5° if 

the carbene carbons were perfectly tetrahedral.  Analysis shows a total of 330±3°, 

consistent with a sp3 hybridized alkyl carbon.  Based on their similarity, if vinyls, 

acetylides and alkyls exhibit predominant metal-carbon single bond character whilst 

bound to the metal, it is reasonable to conclude that TM-NHCs exhibit single bond 

character. 

Natural Bond Order Analyses 

Natural bond order analyses were carried out on a collection of NHC complexes 

incorporating a variety of late transition metals and geometries (linear/two-coordinate; 

square planar/four-coordinate; tetrahedral/four-coordinate; octahedral/six-coordinate), 

which correspond to the most prevalent coordination environments for NHC complexes.  

Also, NBO analyses were conducted on a variety of TM-vinyl/acetylide/alkyl complexes 

to obtain cooperative information about their metal-carbon bonds.  Representative 

examples of the NHC complexes studied are shown in A-1; a complete list of target 

molecules is given in A-2-4.  The parent NHC ligand C3N2H4 is used for the calculation 

of all TM-NHC complexes and structures similar to those shown in Schemes 12, 13 and 

14 were used for vinyl, acetylide and alkyl complexes, respectively.   
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Scheme 14. Representative structure of the alkyl complexes studied. 

Starting geometries are obtained from the appropriate crystal structure and 

optimized at the B3LYP/CEP-31G(d) level of theory before the NBO analysis is 

performed at the optimized stationary point at this same level of theory.  The NBO results 

are remarkably consistent across the series of complexes studied.  The most stable 

resonance structure of the TM-NHC complexes, 15c, results from the two localized 

representations 15a and 15b.  From the NBO analysis, an average bond order of 0.78 was 

obtained for the TM-NHC samples studied suggesting a metal-carbon single bond with 

substantial ionic/dative character.  Similar to the NHCs, the vinyl, acetylide, and alkyl 

complexes show bond orders approximately 0.77, further supporting the single bond 

nature of the bond between the TMs and NHCs. 
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Scheme 15. NBO resonance representations of NHC-TM complexes. 

The natural charge obtained from NBO for the carbene carbon averaged to +0.22.  

Each nitrogen’s natural charge averages to –0.60.  The average bond order for N-Ccarbene 

bond is 1.34, suggesting a partial double bond character spanning over the N-C-N 

substructure as depicted in Scheme 15c.  Hybridization for the carbene carbon in the 

NHC complexes (ave. p:s ratio = 1.57) is intermediate between sp2 (ave. p:s ratio for 

vinyl complexes = 2.94) and sp (ave. p:s ratio for acetylide complexes = 1.03) as 

portrayed by the NBO calculations, thus possessing considerably more s character than 
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an sp3 hybridized alkyl carbon (ave. p:s ratio for alkyl complexes = 3.27), causing the 

observed metal-carbon bond shortening in NHC complexes. 

It can be proposed that given that the metal-carbene carbon bond possesses 

substantial dative/ionic character, the NHC ligand possesses substantial trans influence.  

Further investigation of this property was carried out on the two TM-NHC complexes 

seen in Scheme 16 (BABNIC: 16a; modified BABNIC: 16b).  Total electron density plots 

with a 0.09 isodensity value show the metal-ligand interaction.  The electron density of 

15a is consistent with its NBO analysis. The presence of a NHC ligand trans to a 

phosphine ligand causes electron density depletion around the metal-phosphorous bond, 

relative to the metal-carbene carbon bond.  NBO analysis describes the phosphorous with 

an extra lone pair and carbene carbon as bound to the transition metal.  Structure 10b is 

also consistent with the NBO analysis, where the carbonyl trans to the NHC causes an 

electron density diminution around the metal-carbene carbon.  TM-NHC complexes 

hence illustrate a dative interaction between metals and carbene carbons, explaining the 

average bond order of 0.78 for the examples analyzed. 

 

(a) 
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(b) 

Scheme 16. Total density plot showing the NHC’s trans effect. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

N-heterocyclic carbenes (NHCs) have proven useful as phosphine equivalents in 

many instances, as exemplified by the works of Arduengo and others.  They comprise a 

third family of carbene complexes in addition to the Fischer and Schrock types.  A small 

number of transition metal (TM)-NHC complexes have been studied computationally but 

not enough data exists particularly for complexes of metals in groups 9-12.  This study of 

TM-NHC complexes allowed for several significant conclusions, the most important of 

which are summarized below.   

The metal-carbene carbon bond between TMs and ligated NHCs is on average 4% 

shorter than the average metal-carbon bond.  This research investigated two hypotheses 

explaining the bond shortening: 1) multiple bond character; 2) hybridization at the NHC 

carbene carbon.  Analysis of CSD-obtained non-ligated NHCs compared to ligated ones 

show very little change upon coordination, implying that the bond shortening does not 

occur due to a geometry modification.  Indexed relative to TM-vinyls/acetylides, the 

metal-carbon bond lengths of TM-NHCs are practically indistinguishable suggesting a 

possible sp2 or sp hybridization for the NHC carbene carbon.   

Natural bond order (NBO) calculations on TM-vinyl/acetylide/alkyl complexes reveal 

metal-carbon bond orders less than one, similar to TM-NHC complexes.  The 

hypothetical presence of a metal-carbon double bond for TM-NHC complexes did not fit 

the data obtained from the optimized vinyl, acetylide and alkyl complexes. The similarity 

of the results with NBO analyses of TM-NHC complexes suggested a metal-carbene 
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carbon single bond for the TM-NHC complexes.  Additional investigations of the TM-

NHC complexes reveal NHC ligands bind to TMs with substantial dative/electrostatic 

character.  Total electron density plots illustrate this property in conjunction with ligands 

trans to the NHCs.  Also, bond order trends across the periodic table for TM-NHC 

complexes reveal that the metal-carbene carbon bond possesses substantial ionic 

character with a considerable trans influence.   
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A-1  Model N-heterocyclic carbene complexes studied in this research.  The six-letter 
reference code from the Cambridge Crystallographic Database is given in A-5. 
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A-2.  Model vinyl complexes studied in this research.  The six-letter reference code from 
the Cambridge Crystallographic Database is given in A-5. 
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A-3.  Model alkyl complexes studied in this research.  The six-letter reference code from 
the Cambridge Crystallographic Database is given in A-5. 
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A-4.  Model acetylide complexes studied in this research.  The six-letter reference code 
from the Cambridge Crystallographic Database is given in A-5. 
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A-5.  The six-letter reference code from the Cambridge Crystallographic Database. 
 

N-Heterocyclic Carbene Complexes 
 
BABNIC 

Hon Man Lee, D.C.Smith Junior, Zhengjie He, E.D.Stevens, C.S.Yi, S.P.Nolan 
(2001) Organometallics,20,794 

BICZUI 
U.Schubert, K.Ackermann, R.Aumann (1982) Cryst.Struct.Commun.,11,591 

CECZEP 
O.Scheidsteger, G.Huttner, V.Bejenke, W.Gartzke (1983) Z.Naturforsch.,Teil 

B,38,1598 
CPIMPT 

L.Manojlovic-Muir, K.W.Muir (1974) J.Chem.Soc.,Dalton Trans.,2427 
FIGDOO 

D.W.Macomber, R.D.Rogers (1986) J.Organomet.Chem.,308,353 
GUGVEJ 

A.M.Clark, A.G.Oliver, C.E.F.Rickard, L.J.Wright, W.R.Roper (2000) Acta 
Crystallogr.,Sect.C:Cryst.Struct.Commun.,56, 26 

NOHKIE 
H.Werner, P.Schwab, E.Bleuel, N.Mahr, P.Steinert, J.Wolf (1997) Chem.-

Eur.J.,3,1375 
PEPPIM20 

L.Manojlovic-Muir, K.W.Muir (1974) J.Chem.Soc.,Dalton Trans.,2427 
PIYBAA 

A.J.Arduengo III, S.F.Gamper, J.C.Calabrese, F.Davidson (1994) 
J.Am.Chem.Soc.,116,4391 

PIYBEE 
A.J.Arduengo III, S.F.Gamper, J.C.Calabrese, F.Davidson (1994) 

J.Am.Chem.Soc.,116,4391 
PUMYAX 

Shiuh-Tzung Liu, Tung-Ying Hsieh, Gene-Hsiang Lee, Shie-Ming Peng (1998) 
Organometallics,17,993 

REJTEF 
A.J.Arduengo III, R.L.Harlow, W.J.Marshall, T.K.Prakasha (1996) 

Heteroat.Chem.,7,421 
TUCSUF 

W.A.Herrmann, F.C.Munck, G.R.J.Artus, O.Runte, R.Anwander (1997) 
Organometallics,16,682 

TUCTAM 
W.A.Herrmann, F.C.Munck, G.R.J.Artus, O.Runte, R.Anwander (1997) 
Organometallics,16,682 

ZOFXEX 
N.Kuhn, T.Kratz, D.Blaser, R.Boese (1995) Inorg.Chim.Acta,238,179 
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Vinyl Complexes 
 
BAZHAL 

F.Ozawa, J.Kamite (1998) Organometallics,17,5630 
CAPDAY 

B.Tecle, K.F.Siddiqui, C.Ceccarelli, J.P.Oliver (1983) J.Organomet.Chem.,255,11 
CICDUN 

G.J.Baird, S.G.Davies, R.H.Jones, K.Prout, P.Warner (1984) Chem.Commun.,745 
DAMLOS10 

P.O.Stoutland, R.G.Bergman (1988) J.Am.Chem.Soc.,110, 5732 
DUNBOD 

M.R.Torres, A.Vegas, A.Santos, J.Ros (1986) J.Organomet.Chem.,309,169 
FIPHIV 

C.J.Cardin, D.J.Cardin, D.A.Morton-Blake, H.E.Parge, A.Roy (1987) 
J.Chem.Soc.,Dalton Trans.,1641 

GUKHOJ 
N.A.Barnes, A.K.Brisdon, W.I.Cross, J.G.Fay, J.A.Greenall, R.G.Pritchard, 
J.Sherrington (2000) J.Organomet.Chem.,616,96 

JEPPID 
J.Amaudrut, J.Sala-Pala, J.E.Guerchais, R.Mercier (1990) 

J.Organomet.Chem.,391,61 
JOGSAZ 

J.Chen, Y.Kai, N.Kasai, M.Wada, M.Kumazoe (1991) Bull.Chem.Soc.Jpn.,64,2802 
QAXCUN 

J.Campora, S.A.Hudson, P.Massiot, C.M.Maya, P.Palma, E.Carmona, L.A.Martinez-
Cruz, A.Vegas (1999) Organometallics,18, 5225 

XAWLUC 
P.Legzdins, S.A.Lumb, S.J.Rettig (1999) Organometallics,18,3128 

 
Alkyl Complexes 

 
ACEFOD 

R.R.Schrock, A.L.Casado, J.T.Goodman, Lan-Chang Liang, P.J.Bonitatebus Junior, 
W.M.Davis (2000) Organometallics,19,5325 

ACESIK 
B.Roessler, V.Pfennig, K.Seppelt (2001) Chem.-Eur.J.,7, 3652 

ACESOQ 
B.Roessler, V.Pfennig, K.Seppelt (2001) Chem.-Eur.J.,7, 3652 

ACEWEK 
O.F.Wendt (2001) Acta Crystallogr.,Sect.E(Struct.Rep.Online),57, m517 

ADEYOX 
S.Courtenay, D.W.Stephan (2001) Organometallics,20, 1442 

BAHWOW 
K.Isobe, P.M.Bailey, P.M.Maitlis (1981) Chem.Commun.,808 
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BEFKIG 
A.R.Middleton, G.Wilkinson, M.B.Hursthouse, N.P.Walker (1982) 
J.Chem.Soc.,Dalton Trans.,663 

BODRER 
Z.Dawoodi, M.L.H.Green, V.S.B.Mtetwa, K.Prout (1982) Chem.Commun.,1410 

CEHTIS 
C.Leiva, A.H.Klahn, F.Godoy, A.Toyo, V.Manriquez, O.Wittke, D.Sutton (1999) 
Organometallics,18,339 

COWKOO 
H.E.Bryndza, J.C.Calabrese, S.S.Wreford (1984) Organometallics,3,1603 

DMCPHF 
F.R.Fronczek, E.C.Baker, P.R.Sharp, K.N.Raymond, H.G.Alt, M.D.Rausch (1976) 
Inorg.Chem.,15, 2284 

GUQWOE 
S.Otto (2001) Acta Crystallogr.,Sect.E(Struct.Rep.Online), 57, m75 

HAFDUN 
B.D.Reid, A.J.Welch (1992) J.Organomet.Chem.,438, 371 

HOPNOP 
I.Bach, R.Goddard, C.Kopiske, K.Seevogel, K.-R.Porschke (1999) 

Organometallics,18, 10 
JECJEG 

Yong-Joo Kim, Kohtaro Osakada, A.Takenaka, A.Yamamoto (1990) 
J.Am.Chem.Soc.,112, 1096 

JETHEV 
S.Roth, V.Ramamoorthy, P.R.Sharp (1990) Inorg.Chem.,29, 3345 

KELQEX 
S.Kleinhenz, K.Seppelt (1999) Chem.-Eur.J.,5, 3573 

LAMTAU 
S.E.Boyd, L.D.Field, T.W.Hambley, M.G.Partridge (1993) Organometallics,12, 1720 

LEKFEM 
N.H.Dryden, R.J.Puddephatt, S.Roy, J.J.Vittal (1994) Acta 
Crystallogr.,Sect.C:Cryst.Struct. Commun.,50, 533 

LOJDIX 
B.Roessler, K.Seppelt (2000) Angew.Chem.,Int.Ed.Engl.,39, 1259 

 
Acetylide Complexes 

 
BAXGEM 

J.L.Polse, R.A.Andersen, R.G.Bergman (1998) J.Am.Chem.Soc.,120, 13405 
BONSUS 

W.Sieber, M.Wolfgruber, D.Neugebauer, O.Orama, F.R.Kreissl (1983) 
Z.Naturforsch.,Teil B,38, 67 

CAMJEF 
M.Weigelt, D.Becher, E.Poetsch, C.Bruhn, D.Steinborn (1999) Z.Anorg.Allg.Chem., 
625, 1542 
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CPFPEY 
R.Goddard, J.Howard, P.Woodward (1974) J.Chem.Soc.,Dalton Trans.,2025 

CUBRIA 
K.Sunkel, U.Birk (1999) Polyhedron,18, 3187 

DAVRAT 
R.E.Cramer, K.T.Higa, J.W.Gilje (1985) Organometallics,4, 1140 

DAXWOO 
A.Furlani, S.Licoccia, M.V.Russo, A.C.Villa, C.Guastini (1984) J.Chem.Soc.,Dalton 
Trans.,2197 

DUZYUS 
M.I.Bruce, D.N.Duffy (1986) Aust.J.Chem.,39,1697 

GINTOM 
D.R.Senn, A.Wong, A.T.Patton, M.Marsi, C.E.Strouse, J.A.Gladysz (1988) 
J.Am.Chem.Soc.,110, 6096 

IBINOW 
C.E.F.Rickard, W.R.Roper, S.D.Woodgate, L.J.Wright (2001) 

J.Organomet.Chem.,623,109 
JAYMAX 

Y.Wielstra, S.Gambarotta, A.Meetsma, J.L.de Boer, M.Y.Chiang (1989) 
Organometallics, 8,2696 

JIKXUW 
H.Werner, A.Hohn, M.Schulz (1991) J.Chem.Soc.,Dalton Trans.,777 

KEQVIL 
H.-F.Klein, Xiaoyan Li, Hongjian Sun, A.Brand, M.Lemke, U.Florke, H.-J.Haupt 
(2000) Inorg.Chim.Acta,298,70 

MEVHOK 
S.Back, T.Stein, W.Frosch, Iuan-Yuan Wu, J.Kralik, M.Buchner, G.Huttner, 
G.Rheinwald, H.Lang (2001) Inorg.Chim.Acta,325, 94 

MIWWUK 
A.Antinolo, M.Fajardo, C.Lopez-Mardomingo, I.Lopez-Solera, A.Otero, Y.Perez, 
S.Prashar (2001) Organometallics,20, 3132 

NAKJOY 
A.C.Cooper, J.C.Huffman, K.G.Caulton (1997) Organometallics,16, 1974 

PASTEI 
Yan Sun, N.J.Taylor, A.J.Carty (1992) Organometallics,11, 4293 

PEEPNI 
W.A.Spofford, P.D.Carfagna, E.L.Amma (1967) Inorg.Chem.,6, 1553 

PETXER 
Zhaomin Hou, T.L.Breen, D.W.Stephan (1993) Organometallics,12, 3158 

QEWZOH 
K.Osakada, M.Hamada, T.Yamamoto (2000) Organometallics,19, 458 

RABVUH 
V.Wing-Wah Yam, Kwok-Kwong Tam, Kung-Kai Cheung (1996) 
J.Chem.Soc.,Dalton Trans.,1125 
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WEKMUU 
H.Lang, M.Herres, W.Imhof (1994) J.Organomet.Chem., 465, 283 

XAKYAJ 
S.J.Faville, W.Henderson, T.J.Mathieson, B.K.Nicholson (1999) 
J.Organomet.Chem.,580, 363 

ZEGYEP 
I.R.Whittall, M.G.Humphrey, D.C.R.Hockless, B.W.Skelton, A.H.White (1995) 
Organometallics,14, 3970 
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