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With the ever expanding utility of transition metal catalysis, there has been a 

thrust both to develop catalysts with unique selectivites or activites, and to understand the 

factors which govern these characteristics at both a fundamental and practical level. 

Olefin metathesis has become an essential reaction for the synthesis of small molecules in 

addition to polymeric materials. We have pursued two distinct ligand classes based on 

diaminocarbenes with novel architectures to address specific limitations within this useful 

class of reactions: 1) limited access to polymeric materials with controlled 

microstructures and 2) poor stereoselectivity in Ru-catalyzed cross-metathesis (CM) 

reactions.  

Numerous phosphines and N-heterocyclic carbenes (NHCs) have been used as 

ligands for Ru metathesis catalysts, and the resulting activity is very sensitive to their 

steric and electronic nature. We envisioned that we could take advantage of this 

dependence by developing a catalyst with tunable ligand donicity. Redox-switchable 

ligands can lead to catalysts whose selectivity and/or activity are dependent upon the 
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ligand oxidation state. Towards this purpose, we have developed a ligand which 

incorporates a 1,1’-disubstituted ferrocene moiety into the backbone of a diaminocarbene 

(FcDAC). Upon ligation of FcDAC to various transition metals, we were able to use 

cyclic voltammetry and a spectroelectrochemical FT-IR experiment to show electronic 

communication between FcDAC and the coordinated metal. We then pursued Ru 

metathesis catalysts incorporating these ligands. The ring-opening metathesis 

polymerization of 1,5-cyclooctadiene was studied using [(FcDAC)(PPh3)Cl2Ru=(3-

phenylindenylid-2-ene)] as the catalyst. Chemical redox reactions were used to establish 

the ability of FcDAC to impart redox-tunable properties to Ru metathesis catalysts.  

A new ligand class pioneered in our group, N-aryl,N-alkyl acyclic 

diaminocarbenes (ADCs), was also studied in various Ru metathesis catalysts. To our 

delight, these catalysts showed lower E : Z ratios than analogous NHC ligands in two 

representative CM reactions. We also investigated the conformational diversity of these 

differentially substituted ADCs given their ability to rotate about their C–N bonds, in 

particular, to determine how this might influence their donicity. Complexes of the type 

[(ADC)Ir(COD)Cl] and [(ADC)Ir(CO)2Cl] were studied, given the wealth of structural 

and spectral data available for analogous compounds incorporating related ligand classes. 

Different conformations resulted depending on the N-substituents and the nature of the 

metal complex. Interestingly, the electron donating ability of ADC ligands was found to 

depend on their conformation, as evidenced by FT-IR and cyclic voltammetry. This 

established a new avenue for tuning the donor properties of differentially substituted 

ADC ligands. 

The unique properties of these novel ligand classes were demonstrated in Ru 

metathesis catalysts. However, on a broader level, these ligands are expected to have 

utility in diverse catalytic applications.  
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Chapter 1: An Alternative Approach to Electronic Tuning of NHC 
Ligands: Redox-Tunable NHCs

1,2
  

INTRODUCTION 

Transition metal-based complexes containing redox active ligands have been used 

in diverse areas,
3
 including catalysis,

4,5
 sensing,

6,7
 and optical materials.

8,9
 The appeal of 

redox active ligands stems from their ability to change the electronic properties of a metal 

without the need for synthetic modifications. In many cases, these ligands exhibit 

reversible redox chemistry and could enable “switchable” control of the electronics of 

coordinated metals by chemical redox agents or bulk electrolysis. Examples of previously 

reported metal complexes containing redox active ligands are shown in Figure 1.1.
4,5, 10,11

 

It is important to note that these complexes, as well as many others, include neutral 

ligands which are capable of adopting cationic states and other examples where neutral 

ligands transition to anionic states. Additionally, there are also ligand classes where 

multiple oxidation states can be accessed.
12,13,14,15

  

 

 

Figure 1.1 Examples of known metal complexes supported by redox active ligands. 
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Oxidation or reduction of a substitutionally inert ligand can tune the electronic 

properties of a complex without changing the oxidation state of the metal or steric 

parameters.
16,17,18 

These effects can be quantified via ligation to a transition metal–

carbonyl complex and measuring the carbonyl stretching frequency (νCO) as a function of 

ligand oxidation state. For example, the complexes shown in Figure 1.2 display shifts in 

carbonyl stretching energy (ΔνCO) of up to 35 cm
–1

.
3,19,20,21

 Although correlation between 

ΔνCO and the characteristics of transition metal complexes is not well-understood,
22,23

 

ligands with a ΔνCO value in the mid- to upper-end of this range have been shown to exert 

an influence on the catalytic properties that can be measured. For example, a Re carbonyl 

complex containing a 1,1-bis(diphenylphosphanyl)cobaltocene ligand shows ΔνCO values 

from –11 to –17 cm
–1

.
13

 Carbonyl reactivity to nucleophilic attack was enhanced by a 

factor of 200 in the oxidized vs. reduced ligand state. 

 

 

Figure 1.2 Selected examples of redox-switchable ligands. Absolute value of the change 
in metal–carbonyl stretching frequency (ΔνCO) upon conversion of neutral to 
oxidized ligand are indicated. R = Ph; M = Cr, Mo, W; Fc = ferrocene. 

Despite their unique properties, many classes of redox active ligands suffer from a 

number of practical and fundamental limitations. A large majority of redox active ligands 

are either bi- or multidentate; monodentate analogues appear to be much less 

common.
20,24,25

 Although multidentate ligands can often afford stable complexes, the 
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range of possible geometries is inherently limited. Other limitations to redox-switchable 

ligands include difficulties with metal coordination and/or inability to impart significant 

electronic changes upon ligand redox change. Furthermore, some complexes exhibit 

irreversible electrochemical behavior, inhibiting widespread use in sensing and 

catalysis.
26,27

 New classes of redox active ligands could help overcome these limitations. 

Over the past 40 years,
28,29,30,31

 N-heterocyclic carbenes (NHCs)
32

 have become a 

versatile class of ligands for a broad range of transition metals.
33

 One reason for this 

attention is nearly identical coordination chemistry to phosphines,
33f,34

 yet with several 

intrinsic advantages. Due to their strong electron-donating abilities and unique steric 

parameters, NHCs can afford complexes that are stable towards ligand displacement
35,36

 

and can significantly improve catalyst activity. Furthermore, NHCs have straight-forward 

syntheses from simple starting materials,
37

 with extensive metal complexation 

methodology via free NHCs
38

 or transmetallation via Ag–NHC intermediates.
39

 Despite 

these advantages, surprisingly few redox active NHCs and metal complexes thereof have 

been reported in the literature (see Figure 2.3 for examples). Bildstein and co-workers 

reported
40

 the first NHC containing N-ferrocenyl groups (1.1 and 1.2), but the ability of 

these redox active moieties to modulate electronic properties was not explored in detail. 

Although a [W(CO)5] complex supported by 1-ferrocenyl-3-methylbenzimidazol-2-

ylidene has been prepared, its electronic properties were not studied as a function of the 

ferrocene oxidation state. A variety of NHC-supported complexes bearing N-ferrocenyl 

substituents have been reported, but these efforts have primarily focused on either chiral 

modification for asymmetric catalysis or to capitalize on the steric properties of ferrocene 

rather than its electrochemical properties (e.g. 1.3),
40c,e,f

 with few exceptions (1.4 in 

Figure 1.3).
41
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Figure 1.3 Examples of ferrocene-functionalized NHC-based ligands. n = 0, 1, or 2. X = 
donor group. 

We envisioned that it would be possible to create a new class of carbene-based 

ligands with relatively wide N-C-N angles and redox-switchable functions
3 

by linking 

diaminocarbenes to 1,1’-disubstituted metallocenes (Figure 1.4, FcDAC).
42

 In view of the 

affinity of carbenes for transition metals,the use of such ligands may lead to new redox-

active complexes with tunable electronic properties. Herein,we describe a novel carbene 

architecture that contains a 1,1’-disubstituted ferrocene moiety. 

 

 

Figure 1.4 General structure of a novel class of redox-switchable diaminocarbene ligands 
incorporating a ferrocene moiety. 

 

We then prepared [M(COD)Cl] (M = Rh or Ir, COD = 1,5-cyclooctadiene) 

complexes supported by FcDAC, given that the spectroscopic, structural and 

electrochemical properties of analogous NHC-supported complexes have been 

extensively explored.
43

 Conversion of these complexes to [M(CO)2Cl] analogues was 
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accomplished via treatment with CO (g), enabling a more direct measurement of the 

metal electron density and ligand donicity via IR spectroscopy.
43a,b

 In addition, we also 

performed electrochemical studies on the ligand-centered (i.e., ferrocene) and metal-

centered redox processes to evaluate the electron density within the aforementioned NHC 

scaffolds. Subsequent IR spectroelectrochemical analyses of the carbonyl stretching 

energies for the [M(CO)2Cl] complexes supported by FcDAC revealed how changing the 

ligand redox state alters its electron donating ability. These results were then used to 

evaluate the potential of this novel class of ligands in redox-switchable catalysts.  

 

SYNTHESIS OF N-HETEROCYCLIC CARBENE PRECURSORS  

 

 

Scheme 1.1 Synthesis of diaminocarbene precursors 1.8a and 1.8b. 

Two formamidinium salts were pursued, both an N-Aryl and an N-Alkyl 

derivative (Scheme 1.1), as precursors to FcDAC ligands. Reacting known
44

 1,1’-

diaminoferrocene 1.5 with iso-butyrl chloride in CH2Cl2 afforded bis-amide 1.6 in 98% 

yield. Subsequent reduction to yield bis-amine 1.7a followed by formylative cyclization 

provided the desired formamidinium salt, 1.8a (36% yield over the aforementioned two 
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steps). The formylative cyclization of 1,1’-dianilinoferrocene
45

 1.7b upon treatment with 

trimethylorthoformate and HBF4 gave 1.8b in excellent yield (95%). Diagnostic 

formamidinium signals for 1.8a and 1.8b were found at δ = 8.8 and 9.3 ppm (DMSO-d6), 

respectively, in the 
1
H NMR spectra of these compounds. The solid-state structure of 

1.8b was obtained to evaluate the key structural parameters by single crystal X-ray 

diffraction analysis (Figure 1.5). Eclipsed cyclopentadienyl (Cp) ligands, which were 

tilted toward each other (ϕ = 15.78°) as a result of the tethering effect of the 

diaminocarbene fragment (Figure 2.5) were observed. This strain was manifested in a 

relatively large N-C-N angle of 129.6(3)°,a value comparable to that commonly found for 

tetrasubstituted formamidinium ions (approximately 130°).
46

 

 

 

Figure 1.5 Ortep diagram of 1.8b. Ellipsoids are drawn at the 50% probability level. 
Hydrogen atoms and counterions have been omitted for clarity. Key bond 
distances (Å) and angles (°): C1–N1: 1.437(4); C1’–N2, 1.442(6); C2–N1, 
1.327(4); C2–N2, 1.311(4); N1–C2–N2, 129.6(3); the Fe–C2 distance is 
3.284(3). 
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SYNTHESIS AND CHARACTERIZATION OF RHODIUM COMPLEXES CONTAINING 

DIAMINOCARBENE[3]FERROCENOPHANES 

Transition metal complexes of NHCs are often obtained by deprotonation of their 

respective imidazolium salts. Likewise, we attempted to generate a free carbene in-situ by 

the deprotonation of 1.8 with various bases in different solvents. For 1.8b, rapid 

decomposition was observed. However,treatment of 1.8a, which contains N-isobutyl 

groups,
47

 with sodium hexamethyldisilazide (NaHMDS) in C6D6 resulted in a solution of 

the desired diaminocarbene[3]ferrocenophane 1.9 (Scheme 1.2) that was sufficiently 

stable to be analyzed by NMR spectroscopy. The 
13

C NMR spectrum of 1.9 revealed a 

signal at δ = 260 ppm,which is slightly downfield of the corresponding signal for known 

acyclic diaminocarbenes (δ = 237– 256 ppm).
46

 Unfortunately, 1.9 was found to 

decompose upon concentration,which precluded its isolation.
 48

   

Having demonstrated that free carbenes can be generated in-situ,we focused 

subsequent efforts on the coordination of these Fe-containing ligands to various transition 

metals as well as the detection of electronic interactions between the two moieties. 

Previously,it was shown that Rh–olefin complexes ligated to NHCs are excellent systems 

for the latter.
49

 In particular, the olefinic ligand can be replaced with carbon monoxide 

without disrupting other physical characteristics of the complex, and the carbonyl 

stretching frequency, which is sensitive to the metal’s electronic properties, can be 

measured using IR spectroscopy. For the systems reported herein, this exchange should 

also result in detectable changes in the oxidation potential of the ferrocene moiety which 

would support electronic communication between the Rh and Fe centers. 

 



 8 

 

Scheme 1.2 Synthesis of Rh olefin and carbonyl complexes containing FcDAC ligands. 

Synthesis of Rh complexes containing FcDAC ligands is shown in Scheme 1.2. 

Addition of [Rh(COD)Cl]2 to a solution of 1.9 in benzene at ambient temperature resulted 

in the formation of Rh-olefin complex 1.10a as a yellow solid, which was subsequently 

isolated in 50% yield after purification using column chromatography. Alternatively, 

complex 1.10b was prepared in 53% yield by the in-situ deprotonation of 1.8b in the 

presence of [Rh(COD)Cl]2. When carbon monoxide was bubbled through solutions of 

1.10a or 1.10b in CH2Cl2, the respective complexes 1.11a and 1.11b were obtained in 

excellent yields (>99%).  
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Figure 1.6 Left: Ortep diagram of 1.10a. Ellipsoids are drawn at the 50% probability 
level. Hydrogen atoms and counterions have been omitted for clarity. Key 
bond distances (Å) and angles (°): C1–N1, 1.441(5); C1’–N2, 1.434(5); C2–
N1, 1.358(4); C2–N2, 1.356(4); Rh–C2, 2.059(4); N1-C1-N2, 121.2(3). The 
Fe–C2 distance is 3.434(4)Å. Right: Ortep diagram of 1.10b. Ellipsoids are 
drawn at the 50% probability level. Hydrogen atoms and counterions have 
been omitted for clarity. Key bond distances (Å) and angles (°): C1–N1, 
1.443(5); C1’–N2, 1.433(5); C2–N1, 1.359(5); C2–N2, 1.349(5); Rh–C2, 
2.044(4); N1-C2-N2, 120.7(3). The Fe–C2 distance is 3.438(5) Å. 

The solid-state structures of 1.10a, 1.10b, and 1.11b were determined by X-ray 

crystallography (Figure 1.6 and Figure 1.7) to allow comparison to analogous complexes 

containing NHCs.
50,51

 As expected,the N–C–N angles in these complexes are relatively 

wide (1.10a: 121.2(3)°; 1.10b: 120.7(4)°; 1.11b: 120.4(3)°) and comparable to the 

analogous angle found in [(bis(diisopropylamino)carbene)Rh(CO)2Cl] (118°).
52

 

Furthermore, complexes 1.10b and 1.11b exhibited relatively long C–N bond distances 

(average value for 1.10b: 1.36 Å; average value for 1.11b: 1.35 Å) with respect to those 

observed in 1.8b (1.32 Å). The existence of longer C–N bond distances for 1.10b and 

1.11b may be attributed to the relief of ring strain, Rh–carbene π-backbonding,
49,53

 or a 

combination thereof. Interestingly, nearly identical key bond distances and angles were 
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observed when 1.10a was compared to 1.10b. For example, the NCN bond angles for 

1.10a and 1.10b (121.2(3) and 120.7(3)°, respectively) in addition to the Fe–C2 distances 

(3.434(4) and 3.438 (5) Å, respectively) were quite comparable. However, the Rh–C2 

distance was slightly longer for 1.10a (2.059(4)Å) than for 1.10b (2.044(4)Å), which 

suggested a larger steric interaction of the diaminocarbene in the former with the 

coordinated metal center. 
 

 

Figure 1.7 Ortep diagram of 1.11b. Ellipsoids are drawn at the 50% probability level. 
Hydrogen atoms and counterions have been omitted for clarity. Key bond 
distances (Å) and angles (°): C1–N1, 1.446(4); C1’–N2, 1.441(4); C2–N1, 
1.348(4); C2–N2, 1.345(4); Rh–C2, 2.081(3); Rh–C4, 1.900(4); Rh–C5, 
1.827(4); N1-C2-N2, 120.4(3). The Fe–C2 distance is 3.406(4)Å. 

SYNTHESIS AND CHARACTERIZATION OF IRIDIUM COMPLEXES CONTAINING 

DIAMINOCARBENE[3]FERROCENOPHANE LIGANDS 

We also pursued the respective [Ir(COD)Cl] (COD = 1,5-cyclooctadiene) 

complex incorporating FcDAC, given the abundance of spectroscopic, structural and 

electrochemical information available on complexes of this type.
43a,b,e

 Like the analogous 

Rh complexes, the [Ir(COD)Cl] unit can be converted to [Ir(CO)2Cl] upon reaction with 



 11 

CO (g), enabling investigation of metal electron density and ligand donating ability via 

IR spectroscopic analysis.
43a,b,e

 We focused on ligand 1.9 as a representative example of a 

FcDAC ligand for the synthesis of complexes supported by [Ir(COD)Cl] and [Ir(CO)2Cl] 

units. However, the electronic character of the N-phenyl FcDAC and Rh complexes 

there-of were still studied (vide-infra). Following an analogous synthesis as for the Rh 

complex (see Scheme 1.1), 1.9 was generated upon treatment of 1.8a with NaHMDS and 

then coordinated
38

 to iridium to afford 1.12 (71% overall yield). The 
13

C NMR chemical 

shift for the 2-position (δ = 213.2 ppm) was comparable to that observed in its rhodium 

congener (δ = 225.8 ppm), but substantially different from the range observed for other 

NHC-supported [Ir(COD)Cl] complexes (δ = 179.6–208.2 ppm).
43c,54

 Because the 

carbene nucleus is strongly influenced by the ring system comprising it, apparent by the 

markedly distinct 
13

C NMR chemical shift of 1.12 vs. typical NHCs, we expected that the 

structural features of 1.12 would be similarly unique. 

X-ray quality crystals of 1.12 were obtained and analyzed by X-ray diffraction to 

obtain the respective structural parameters and enable comparison to crystallographically 

characterized analogues. The iridium–NHC distance observed for 1.12 (2.033(5)Ǻ) was 

consistent with other NHC-supported [Ir(COD)Cl] complexes (1.99 to 2.091 Å).
54b,c,55

 In 

these complexes, the Ir–COD bond distances trans to the NHC range from 2.134 to 2.227 

Å, whereas the distances for the Ir–COD bonds in the cis position range from 2.081 to 

2.155 Å. The corresponding lengths in 1.12 (trans: 2.166(3) Å, cis: 2.104(3) Å) were 

comparable to those found for other [Ir(COD)Cl] complexes. A significantly larger N–C–

N angle (121.9(3) for 1.12 vs. 102.8(8)–105.3(4) for representative NHCs), was 

observed, reflecting the strained, 6-membered non-aromatic character of the FcDAC 

ligand compared to typical imid- or benzimidazolylidene-based NHCs.  

 



 12 

              

 

Figure 1.8 Left: ORTEP diagram showing 50% probability thermal ellipsoids and 
selected atom labels for 1.12. Hydrogen atoms have been omitted for clarity. 

Selected bond distances (Å) and angles (): Ir–Cl, 2.3677(9); Ir–C1, 
2.068(3); Ir–C2, 2.164(3); Ir–C3, 2.169(3); Ir–C4, 2.102(3); Ir–C5, 

2.106(3); N1–C1–N2, 121.9(3). The COD bite angle is 87.3. Right: 
ORTEP diagram showing 50% probability thermal ellipsoids and selected 
atom labels for 1.13. Hydrogen atoms have been omitted for clarity. 

Selected bond distances (Å) and angles (): Ir–Cl, 2.3632(8); Ir–C1, 
2.121(3); Ir–C2, 1.891(3); Ir–C3, 1.888(4); C2–O2, 1.136(4); C3–O3, 
1.024(4); N1–C1–N2, 122.4(2); N1–C1–Ir–Cl, 78.71(18). 

To gain better insight into the electronic properties and donicity of 1.9, we again 

prepared the respective Ir carbonyl complex thereof. The [Ir(CO)2Cl] 1.13 was obtained 

in excellent yield (99%) by bubbling 1 atm of CO (g) through a solution of 1.12 in 

CH2Cl2. The 
13

C chemical shift for the carbene carbon in 1.13 (δ = 212.8 ppm in CDCl3) 

was comparable to that observed in the analogous Rh complex 1.11a (δ = 202.4 ppm in 

CDCl3).  

A crystal structure was obtained for 1.13 thus enabling comparison to other NHC-

supported [Ir(CO)2Cl] complexes (Figure 2.8). The iridium–carbene bond distance for 

1.13 (2.121(3) Å) agreed well with the values in analogous compounds (2.065–2.122 Å). 
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43b,d,55c
 Additionally, the metal–carbonyl distances (1.891(3) and 1.888(4) Ǻ for the trans 

and cis positions, respectively) were comparable to values observed in related 

[Ir(CO)2Cl] complexes containing NHCs (1.854–1.915 and 1.86–1.912 Ǻ for the trans 

and cis positions, respectively).
43b,d,55c

 In general, the metal–carbon bonds trans to the 

NHC will be longer than those cis due to the strong trans effect of NHCs. As expected, 

the N1–C1–N2 angle (122.4(2)°) was significantly more obtuse than that observed for 

analogous complexes containing NHCs (approximately 106°). 
 

INFRARED SPECTROSCOPY  

Metal-bound carbonyls are useful spectroscopic handles for measuring the 

electron density at ligated metal centers. Increasing the electron density on a metal will 

increase its π-backbonding ability, thus reducing the C–O bond order and stretching 

frequency (νCO). For example, a more donating NHC will increase the electron density at 

the coordinated metal and thus lower the carbonyl stretching energy. To enhance this 

insight further, many [Ir(CO)2Cl] complexes supported by NHCs have been prepared, 

enabling us to gauge the donating abilities of FcDAC in relation to other NHCs, 

particular as a function of Fe oxidation state.
43b–e

  

The carbonyl stretching frequencies for Rh complexes 1.11a and 1.11b in CH2Cl2 

were found to be νCO = 2075, 1995 cm
-1

 and νCO = 2074, 1994 cm
-1

, respectively. These 

values were within the range of those previously reported for known complexes of the 

type [(NHC)RhCl(CO)2].
49

 (2061–2099, 1993–2015 cm
-1

).
43a,49

 The nearly identical νCO 

values for 1.11a and 1.11b indicated similar ligand donating abilities for these two 

ligands.  

Iridium complex 1.13 exhibited carbonyl stretching energies (νCO = 2064, 1983 

cm
-1

) consistent with those observed in other NHC-supported [Ir(CO)2Cl] complexes 
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(symmetric: 2055–2072 cm
–1

, asymmetric: 1971–1989 cm
–1

).
43b,d,54d

 Whereas the cyclic 

nature of FcDAC has a significant impact on structural features, it does not appear to 

affect its ligand donating ability, given the similarity of the carbonyl stretching energies 

to typical NHCs. 

To gain more insight into the donating abilities of the aforementioned NHCs, 

efforts turned toward evaluating their Tolman Electronic Parameter (TEP) values, which 

can be derived from the Ir–carbonyl stretching energies.
56,57

 For [Ir(CO)2Cl] complexes, 

Nolan enhanced an equation developed by Crabtree for determining the TEP from the 

observed νav, whereby TEP = 0.847 × νav + 336 cm
–1

.
43b,e

 The TEP value calculated for 

FcDAC (2048.6 cm
–1

) was slightly lower than that found for other NHC-supported 

[Ir(CO)2Cl] complexes (2049.5–2057.3 cm
–1

, see Figure 1.9 for representative 

examples)
43b

 indicating that it was slightly more donating. For comparison, the TEP for 

FcDAC compares well to that for IAd (2048.6 vs. 2049.5 cm
–1

, respectively). 

Collectively, analysis of the IR data for Rh and Ir complexes containing FcDAC ligands, 

in addition to the TEP found for 9, indicated that the ligand donicity of these ligands was 

quite comparable to that found for typical NHCs.  

 

 

Figure 1.9 Representative examples of TEPs for various carbene ligands. 
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SPECTROELECTROCHEMICAL ANALYSIS  

A powerful method for determining the electronic influence of a redox active 

substituent within an NHC at a coordinated metal is IR spectroelectrochemistry.
19-21

 

Oxidation of the ferrocene unit in FcDAC should decrease the donating abilities of the 

NHCs, thus lowering the electron density at the coordinated metal carbonyls and 

resulting in an increased νav. To explore the relationship between oxidation state of the 

redox active functionality and donicity of their respective NHCs, we sought to measure 

the shift in the average νCO of [M(CO)2Cl] (M = Rh or Ir) complexes upon oxidation of 

the ferrocene units.  

Since the addition of strong oxidants to 1.11b resulted in decomposition,
58

 we 

devised a spectroelectrochemical experiment that combined bulk electrolysis with time-

resolved FTIR spectroscopy.
59

 A thin-layer cell was assembled,and a solution of complex 

1.11b was recorded as the background.
60

 To selectively oxidize the Fe center,a potential 

of +0.9 V was applied while FTIR spectra were recorded over time. Signals attributable 

to 1.11b (2070 and 1992 cm
-1

) disappeared as a new material (assigned as 1.11b
+
) with 

the carbonyl stretching frequencies νCO = 2088 and 2015 cm
-1

 formed (See Table 1.1).
61

 

These changes may be explained by the formation of stronger CO bonds and are 

consistent with diminished electron density at the Rh center induced by the development 

of a positive charge at the Fe center (i.e., Fe
II
 vs. Fe

III
). To place this result into context, 

the νCO values exhibited by the 1.11b/1.11b
+

 couple correspond to those observed for a 

broad range of known Rh carbonyl complexes containing electron-rich and electron-

deficient NHCs.
49

 A similar experiment was conducted for 1.13 and a comparable 

magnitude of shift in νav was observed (1.13 → 2.13
+
: +13 cm

–1
, Figure 1.10). This 

corresponded to a ΔTEP of 12.7 cm
–1

. Excitingly, the TEP calculated for the oxidized Ir 

complex 1.13
+
 (2059.6 cm

-1
) was very comparable to that observed for P(i-Pr)3 (2059.2 
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cm
-1

),
43e

 a typical phosphine ligand, while in its neutral state, 1.13 exhibited characteristic 

NHC-like ligand donicity. This indicated that the electronic properties of FcDAC ligands 

could be significantly altered by oxidation of their ferrocene moieties, as ligand donicity 

was found to be “phosphine-like” or “NHC-like” depending on the oxidation state of the 

Fe. 

 

 

Figure 1.10. Normalized IR difference spectra at 60 s intervals showing the shift in metal 
carbonyl stretching energies upon oxidation (Eapp = +1.2 V) of 1.13 in 
CH2Cl2 containing 10 mM analyte and 0.1 M [Bu4N][PF6]. 

Table 1.1 Summary of Spectroelectrochemical IR data for 1.11b and 1.13.
a
  

 νCO* νav* TEP* Δνav ΔTEP 

1.11b 2088, 2015 2051.5 --- 20.5 --- 
1.13 2074, 1996 2035.0 2059.6 13.0 11.0 

 
a
 * Indicates value for the in-situ oxidized species in CH2Cl2 containing 10 

mM analyte and 0.1 M [Bu4N][PF6]. Values of Δνav and ΔTEP were obtained by 

subtracting the values observed for the neutral complexes from those for the oxidized 

complexes. All values are reported in cm
-1

. 

1.13 

1.13+ 
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CYCLIC VOLTAMMETRY 

Following the synthesis and characterization of various Ir and Rh complexes 

containing FcDAC ligands, we studied the effect of ancillary-ligand exchange (i.e., 

replacing an olefin for a carbonyl ligand) on the electronic properties of these complexes 

using cyclic voltammetry.
62

 Complexes 1.10a and 1.10b exhibited two reversible redox 

processe (E1/2 = 0.98 and 0.69 V for 1.10a, E1/2 = 1.00 and 0.54 V for 1.10b), which were 

attributed to Rh
I/II

 and Fe
II/III

 couples, respectively.
63

 As expected,the analogous redox 

couples detected for the Rh carbonyl complexes 1.11a and 1.11b were found at relatively 

high potentials due to the π-acidic CO ligands (Table 1.2). Most interestingly, the 

oxidation potentials attributed to Fe for both of these complexes underwent drastic anodic 

shifts (ΔE1/2 = 260 mV or more). Although σ inductive effects are possible,
64

 the large 

difference in E1/2 observed for the Fe
II/III

 couples in complexes 1.10 and 1.11 may be 

rationalized in part by unique through-space interactions
65

 between the Fe center and the 

diaminocarbene moiety. Close analysis of the crystal structures of complexes 1.10b and 

1.11b supports this view. The Fe–Ccarbene distances observed in 1.10b (3.438(5) Å) and 

1.11b (3.406(4) Å) are within the van der Waals radii of the two atoms, and the 

respective Rh–Ccarbene bond distances (1.10b: 2.044(4) Å; 1.11b: 2.081(3) Å) coincide 

with established π-backbonding capabilities of (NHC)RhCl–olefin and (NHC)RhCl–

carbonyl complexes.
49

 Additional support for the existence of through-space interactions 

in FcDAC ligands was evidenced by the higher Fe
II/III 

oxidation potential found for N-iso-

butyl (E1/2 = 0.69 V) versus N-phenyl (E1/2 = 0.54 V) substituents in complexes 1.10a and 

1.10b, respectively. We attribute the difference to diminished Rh → Ccarbene π-donation, 

as evidenced by the relatively long Rh–Ccarbene bond observed in the solid-state structure 

of 2.10a (2.059(4) Å; Figure 2.6 (left)), as a result of the increased steric bulk of the N-

iso-butyl substituents.
66,67
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Figure 1.11 Cyclic voltammograms of 1.12 (top) and 1.13 (bottom). (100 mV s
–1

 scan-
rate) with Fc* in CH2Cl2 with 0.1 M [Bu4N][PF6] and 1 mM. Features are 
labelled according to metal oxidation (Fe

II/III
) or decamethylferrocene 

internal standard (Fc*). 

Table 1.2 Summary of Electrochemical Properties for 1.10, 1.11, and 1.13.
a
  

 [M(COD)Cl]  [M(CO)2Cl]  

 E1/2 (V)  E1/2 (V) ΔE1/2 (mV)
a
 

1.10a 0.98, 0.69 1.11a 0.95
b
 260 

1.10b 1.00, 0.54 1.11b 1.07, 0.91 370 
1.12 1.02, 0.76 1.13 0.94

b
 180 

a
 Measurements were performed in CH2Cl2 containing 0.1 M [Bu4N][PF6] at 100 

mV s
-1

 scan rate. 
a
 ΔE = E1/2(IrCO) – E1/2(IrCOD). 

b
 The iridium-centered oxidation could 

not be observed within the solvent window. 
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Comparable trends were observed for Ir complexes incorporating FcDAC ligand 

1.9 (Table 1.2). For example, 1.12 exhibited a quasi-reversible redox process at +1.02 

that was attributed to the Ir
I/II

 couple, a value consistent with other NHC-suppoted 

[Ir(COD)Cl] complexes.
68,69

 The ferrocene oxidation occured at +0.76 V, a value higher 

than ferrocene oxidation in previously reported N-ferrocenyl NHCs,
2
 reflecting the 

influence of the strained 6-membered ring and the inability of the orthogonal nitrogen 

lone pairs to donate electron density into the Cp rings to which they are linked.  

Replacement of the COD ligand with carbonyls resulted in the expected anodic 

shift in the Fe
II/III

 couple relative to that observed in the corresponding olefin complex 

(ΔE1/2 = 180 mV). Given the large shift in potentials for the ligand-based oxidations in 

the carbonyl complexes, it was not surprising that the Ir
I/II

 couple was shifted beyond the 

solvent window and could not be observed, consistent with the electrochemical properties 

of related NHC-supported [M(CO)2Cl] complexes (M = Rh and Ir).
43a,c,68

 

CONCLUSIONS 

In conclusion,we have synthesized transition-metal complexes of novel N-aryl 

and N-alkyl diaminocarbenes which each contain a 1,1’-disubstituted ferrocene moiety in 

its backbone. The well-known electrochemistry of ferrocene was utilized to confirm long-

range,but significant,electronic communication between the Fe center in the redox-active 

carbenes and coordinated transition metals. 

The 
13

C NMR spectroscopic and structural features of these FcDAC complexes 

were notably distinct from those of typical NHCs. Given its unique features, we believe 

that the strained, 6-membered non-aromatic ring comprising the carbene nucleus in 

FcDAC endows it with electron density and coordination chemistry different than 

carbenes embedded within more traditional NHC architectures (i.e. imidazol-2-ylidenes), 

possibly due to carbene hybridization. 
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Measurement of the electron density at the metal, and thus the donating ability of 

the NHCs, via IR spectroscopic analysis of carbonyl stretching energies revealed 

different behavior than the X-ray diffraction or 
13

C NMR spectroscopy results. Relative 

to previously reported NHCs, FcDAC ligands were only slightly more donating, as 

evidenced by their lower TEPs.  

Spectroelectrochemical IR analyses revealed a range of Δνav values from 13.0–

20.5 cm
-1

. For Ir complex 1.13, this corresponded to an increase in TEP of 11 cm
–1

, upon 

oxidation of the ferrocene unit. These results were significant, as they indicate the 

potential of FcDAC ligands to have tunable ligand donicity. Moreover, the ligand 

donicities of the oxidized species were comparable to typical phosphines as evidenced by 

comparison of their TEPs. Based on these results, we believe that FcDAC ligands will 

provide access to useful redox-switchable catalysts.  

 

EXPERIMENTAL 

General Considerations: [Ir(COD)Cl]2 was purchased from Strem Chemicals and used 

without further purification. Dichloromethane (CH2Cl2) and toluene were distilled from 

CaH2. Tetrahydrofuran was distilled from Na/benzophenone. Solvents were degassed by 

three consecutive freeze-pump-thaw cycles. All other reagents were purchased from 

Aldrich or Acros and used without further purification. 
1
H and 

13
C{

1
H} NMR spectra 

were recorded using a Varian 300, 400 or 500 MHz spectrometer. Chemical shifts δ (in 

ppm) are referenced to tetramethylsilane using the residual solvent as an internal 

standard. For 
1
H NMR: CDCl3, 7.24 ppm; CD2Cl2, 5.32 ppm; CD3CN, 1.94 ppm; C6D6, 

7.15 ppm; DMSO-d6, 2.49 ppm. For 
13

C NMR: CDCl3, 77.0 ppm; CD2Cl2, 53.8 ppm; 

C6D6, 128.0 ppm; DMSO-d6, 39.5 ppm. Coupling constants are expressed in hertz (Hz). 

FT-IR spectra were recorded using Perkin-Elmer Spectrum BX system. High-resolution 
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mass spectra (HRMS) were obtained with a VG analytical ZAB2-E instrument (ESI or 

CI). Unless otherwise noted, all reactions were performed under an atmosphere of 

nitrogen using standard Schlenk or glovebox techniques.  

 

Electrochemistry: Electrochemical experiments were conducted on CH Instruments 

Electrochemical Workstations (series 660D and 700B) using a gas-tight, three-electrode 

cell under an atmosphere of dry nitrogen. The cell was equipped with platinum working, 

platinum counter and silver quasi-reference electrodes. Measurements were performed in 

dry CH2Cl2 with 1 mM analyte, 0.1 M [tetra-n-butylammonium][PF6] (TBAP) as the 

electrolyte, and decamethylferrocene (Fc*) as the internal standard. Unless otherwise 

noted, all potentials noted were determined at 100 mV s
–1 

scan rates and referenced to 

saturated calomel electrode (SCE) by shifting (Fc*)
0/+

 to –0.057 V (CH2Cl2).
70

  

 

Crystallography: Data were collected on a Nonius Kappa CCD diffractometer using a 

graphite monochromator with MoKα radiation (λ = 0.71073 Å) at 153 K using an Oxford 

Cryostream low temperature device. Data reduction were performed using DENZO-

SMN.
71

 The structures were solved by direct methods using SIR97
72

 and refined by full-

matrix least-squares on F
2
 with anisotropic displacement parameters for the non-H atoms 

using SHELXL-97.
73

 The hydrogen atoms were calculated in idealized positions. Neutral 

atom scattering factors and values used to calculate the linear absorption coefficient are 

from the International Tables for X-ray Crystallography (1992).
74

 Further 

crystallographic details may be found in the respective CIF files, which were deposited at 

the CCDC,Cambridge, UK. 
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Spectroelectrochemical Experiments. A thin layer spectroelectrochemical cell was 

assembled using a modified International Crystal Labs demountable cell.  The body of 

the cell was machined from Derlin® to eliminate potential current leakage through the 

cell body.  The path length was determined by the thickness of the platinum mesh 

electrode and was set at 0.06 mm.  The counter electrode was platinum/gold mesh with 

platinum wire connectors.  Silver wire was used as the reference electrode.  A rubber O-

ring was used to form an leak-proof seal between the body of the cell and the crystal.  

Similarly, a rubber seal was used as a cushion for the NaBr crystals. 

 

N,N′-(iso-Butylamido)ferrocene (1.6).  A 100 mL flask was 

charged with 1,1′-diaminoferrocene
44

 (0.99 g, 4.6 mmol), CH2Cl2 

(50 mL), and a stir bar.  The flask was then placed in an ice bath 

and stirred for 5 min.  Triethylamine (2.5 mL, 18 mmol) was then 

added, followed by iso-butyryl chloride (1.0 mL, 9.5 mmol).  The 

ice bath was removed and the reaction mixture was stirred for an additional 30 min.  The 

reaction mixture was then washed with a saturated NaHCO3 solution (3 x 100 mL) and 

dried with Na2SO4.  Subsequent concentration of the organic phase under reduced 

pressure afforded the desired product as a brown-orange solid (1.6 g, 98% yield).  
1
H 

NMR (DMSO-d6): δ 9.07 (s, 2H), 4.47-4.46 (m, 4H), 3.84-3.83 (m, 4H), 2.45-2.40 (m, 

2H), 1.05 (d, 12H, J = 6.9).  
13

C NMR (DMSO-d6): δ 175.47, 96.43, 65.66, 62.45, 35.22, 

20.23.  IR (CH2Cl2): 1656 cm
-1 

(amide C=O). HRMS: [M]
+
 calcd for C18H25N2O2Fe: 

357.1265; found 357.1264. 

 

N,N′-(iso-Butylamino)ferrocene (1.7a).  A 250 mL flask fitted 

with a reflux condenser and a N2 balloon was charged with 1,1′-
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(iso-butylamido)ferrocene (1.6 g, 4.5 mmol), THF (50 mL), and lithium aluminum 

hydride (0.70 g, 18 mmol).  The reaction mixture was heated to 85 °C and stirred for 10 

h.  After cooling the flask with an ice bath, degassed ethyl acetate (90 mL) followed by a 

degassed aqueous solution of Rochelle’s Salt (7 g, 25 mmol, 0.25 M) were carefully 

added via syringe while stirring the reaction mixture.  The ice bath was removed and the 

solution was allowed to stir for an additional 1 h.  After allowing the resulting biphasic 

solution to settle, the organic phase was extracted via syringe and concentrated under 

reduced pressure to afford the desired product as a brown oil (1.2 g, 82% yield).  
1
H 

NMR (C6D6): δ 3.90 (s, 4H), 3.80 (s, 4H), 2.65 (d, 4H, J=6.7), 1.67-1.58 (m, 2H), 0.88 (d, 

12H, J=6.7).  
13

C NMR (C6D6): δ 63.45, 56.22, 55.69, 29.02, 20.76.  HRMS: [M]
+
 calcd 

for C18H29N2Fe: 329.1680; found 329.1678. 

 
N,N'-Di-iso-

butylaminoformamidinium[3]ferrocenophane•BF4 (1.8a).  

A 50 mL flask was charged with 1,1′-(iso-

butylamino)ferrocene (1.0 g, 3.2 mmol), degassed 

HC(OCH3)3 (10 mL), aqueous HBF4 (50% w/v, 0.3 mL, 4.71 

mmol), and a stir bar.  After stirring the solution was stirred at ambient temperature for 

90 min, it was concentrated under reduced pressure.  The resulting brown solid was 

dissolved in CH2Cl2 and then poured into Et2O which caused solids to precipitate.  The 

solids were collected by filtration and dried under vacuum to afford the desired product 

as a gold-brown powder (600 mg, 44% yield).  
1
H NMR (DMSO-d6): δ 8.80 (s, 1H), 4.73 

(s, 4H), 4.50 (s, 4H), 3.59 (d, 4H, J = 7.9), 1.92 (m, 2H), 0.93 (d, 12H, J = 6.5).  
13

C 

NMR (DMSO-d6): δ 162.76, 92.79, 72.96, 68.51, 65.70, 26.65, 19.70.  Td , 305 ºC. 

HRMS: [M]
+
 calcd for C19H27N2Fe: 339.1524; found 339.1527.  

 

N,N'-Di-iso-butyldiaminocarbene[3]ferrocenophane (1.9).  A 10 

mL flask was charged with 1.1b (71 mg, 0.17 mmol), NaHMDS (41 
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mg, 0.22 mmol), C6D6 (3 mL), and a stir bar.  The flask was sealed and stirred at room 

temperature for 1 h.  The solution was then filtered through a 0.2 μm PTFE membrane 

under an atmosphere of nitrogen to afford the free carbene as a brown solution (31% 

yield).  The yield of free carbene was determined from the known concentration of the 

residual protio solvent (C6D5H), calculated by spiking the sample with 0.04 mL of ethyl 

acetate in 0.9 mL C6D6.  
1
H NMR (C6D6): 3.97-3.95 (t, 4H, J=1.8), 3.87-3.86 (t, 4H, 

J=1.8), 3.83 (d, 4H, J=7.4), 2.11-2.07 (m, 2H), 0.97 (d, 12H). δ 
13

C NMR (C6D6): δ 

260.68, 101.40, 69.96, 68.93, 67.23, 27.68, 20.10. 

 

Complex 1.10a.  A 10 mL flask was charged with N,N'-di-iso-

butylaminoformamidinium[1]ferrocenophane•BF4 (71 mg, 

0.17 mmol), NaHMDS (30 mg, 0.17 mmol), benzene (6 mL), 

and a stir bar.  The flask was sealed and stirred at ambient 

temperature for 1 h.  The solution was then filtered through a 

0.2 μm PTFE filter under an atmosphere of nitrogen.  [Rh(cod)Cl]2 (27 mg, 0.055 mmol) 

was added and the reaction mixture was stirred at ambient temperature for an additional 

18 h.  Removal of the solvent under reduced pressure afforded a brown solid which was 

then purified by column chromatography (media: silica gel; eluent: CH2Cl2) to obtain the 

desired product as a bright yellow solid (49 mg, 50% yield). A crystal suitable for X-ray 

analysis was obtained by slow evaporation of a concentrated CH2Cl2 solution of 1.10a.   

1
H NMR (C6D6): δ 5.36 (br, 2H), 5.29-5.15 (m, 4H), 4.03 (s, 2H), 3.89 (d, 4H, J=7.5), 

3.56 (s, 2H), 3.41 (br, 2H), 2.33 (br, 4H), 1.98-1.94 (m, 2H), 1.81-1.75 (br m, 4H), 1.13 

(d, 6H, J=6.8), 0.97 (d, 6H, J=6.8).  
13

C NMR (C6D6): δ 225.81 (d, JRh-C = 47.0), 98.02, 

94.95 (d, JRh-C = 7.4), 71.0, 70.85, 68.73 (d, JRh-C = 14.4), 68.07, 67.20, 66.23, 32.84, 

29.34, 27.07, 20.80, 20.41.  HRMS: [M]
+
 calcd for C27H38N2ClFeRh: 584.1128, found 

584.1129. 

 

Complex 1.11a.  After charging a 10 mL flask with 1.10a 

(25 mg, 0.043 mmol), C6D6 (2 mL), and a stir bar, the 

resulting solution was placed under slight CO pressure 
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(balloon).  After stirring for 2 h at ambient temperature, quantitative formation of the 

desired product was observed via NMR spectroscopy.  Concentration of the solution 

under reduced pressure afforded the desired product as a yellow solid (23 mg, 99% 

yield).  
1
H NMR (C6D6): δ 5.62-5.56 (m, 2H), 4.00 (s, 2H), 3.86 (s, 4H), 3.66-3.62 (m, 

4H), 1.90-1.86 (m, 2H), 1.00 (d, 6H, J=4.5), 0.73 (d, 6H, 6.84).  
13

C NMR (C6D6): δ 

212.76 (d, JRh-C = 40.4), 187.76 (d, JRh-C = 54.5), 184.92 (d, JRh-C = 75.8), 128.76, 128.63, 

97.43, 97.41, 71.60, 71.13, 69.07, 66.87, 66.53, 27.04, 20.08, 19.75.  IR (CH2Cl2): 2075, 

1995 cm
-1

. HRMS: [M]
+
 calcd for C21H26N2O2ClFeRh: 532.0087, found 532.0084. 

 

N,N'-Diphenylformamidinium[3]ferrocenophane•BF4 

(1.8b).  A 100 mL flask was charged with 1,1′-

dianilinoferrocene (2.21 g, 6.0 mmol),
45

 degassed 

HC(OCH3)3 (50 mL), ethereal HBF4 (50-54% w/v; 1 mL, 7 

mmol), and a stir bar.  After stirring the reaction mixture at ambient temperature for 60 

min, solvent volume was reduced by 70% and Et2O was added until the total volume was 

100 mL.  During this process, precipitate formed which was collected via filtration and 

washed with 2 x 25 mL portions of diethyl ether.  The product was then dried under 

reduced pressure for 96 h to obtain 2.7 g (95% yield) of the desired compound as a brown 

powder.   A crystal suitable for X-ray analysis was obtained by slow diffusion of 

toluene/Et2O into a DMSO solution of 1.8b.  
1
H NMR (DMSO-d6): δ 9.32 (s, 1H), 7.66 

(d, J = 8 Hz, 4H), 7.54-7.43 (m, 6H), 4.97 (br, 4H), 4.60 (br, 4H).  
13

C NMR (DMSO-d6): 

δ 160.3, 142.2, 129.1, 128.4, 123.4, 93.7, 72.2, 67.9.  HRMS: [M]
+
 calcd for C23H19N2Fe: 

379.0905; found, 379.0892. 

 

Complex 1.10b.  A 10 mL flask was charged with N,N'-

diphenylformamidinium[3]ferrocenophane•BF4 (0.14 g, 0.30 
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mmol), tBuOK (34 mg, 0.30 mmol), [Rh(cod)Cl]2 (75 mg, 0.15 mmol), THF (5 mL), and 

a stir bar.  After sealing the flask, the reaction mixture was stirred at ambient temperature 

for 16 h.  During this time, precipitate formed which was collected by filtration.  To 

remove inorganic salts, the collected precipate was re-dissolved in CH2Cl2 and filtered.  

Solvent was then removed under reduced pressure leaving crude product that was 

triturated with Et2O (5 mL) to remove unreacted [Rh(cod)Cl]2.  The product was dried 

under reduced pressure to obtain 0.10 g of the desired compound (53% yield) as a light 

yellow, crystalline solid.  A crystal suitable for X-ray analysis was obtained by slow 

evaporation of a CH2Cl2 solution saturated with 1.10b.  
1
H NMR (CD2Cl2): δ 8.04 (d, J = 

7.6 Hz, 4H), 7.43 (t, J = 8 Hz, 4H), 7.34 (m, 2H), 4.39(s, 6H), 4.26 (s, 4H), 2.88 (br, 2H), 

1.48 (br, 2H), 1.33-1.25 (br, 6H).  
13

C NMR (CD2Cl2): δ 224.5, (d, JRh-C = 45.6 Hz), 

147.4, 129.9, 128.6, 127.5, 100.33, 100.31, 95.6 (d, JRh-C = 7.0 Hz), 71.9, 71.3, 68.6(d, 

JRh-C = 14.9 Hz), 67.6, 67.2, 31.6, 27.7.  HRMS: [M-Cl]
+
 calcd for C31H30N2FeRh: 

589.0800; found, 589.0808. 

 

Complex 1.11b.  After charging a 10 mL flask with 1.10b 

(50 g, 0.08 mmol), CD2Cl2 (3 mL), and a stir bar, the 

resulting solution was placed under slight CO pressure 

(balloon).  After stirring for 2 h at ambient temperature, 

quantitative formation of the desired product was observed via NMR spectroscopy.  The 

solvent was removed under reduced pressure and the crude product was triturated with 

pentane.  The product was dried under reduced pressure to obtain 46 mg of the desired 

compound (99% yield) as a pale yellow crystalline solid.  A crystal suitable for X-ray 

analysis was obtained by slow evaporation of CH2Cl2 solution saturated with 1.11b.  
1
H 

NMR (CD2Cl2): δ 7.56-7.54 (m, 4H), 7.43-7.39 (m, 4H), 7.36-7.32 (m, 2H), 4.58 (m, 
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2H), 4.50 (m, 2H), 4.37-4.33 (m, 4H).  
13

C NMR (CD2Cl2): δ 214.1(d, JRh-C = 39.4 Hz), 

187.0 (d, JRh-C = 55.2 Hz), 183.3 (d, JRh-C = 77.9 Hz), 146.5, 129.0, 128.99, 128.1, 99.08, 

99.07, 72.0, 71.6, 67.3, 67.1.  FT-IR (CH2Cl2): 2074, 1994 cm
-1

.  HRMS: [M-Cl]
+
 calcd 

for C25H18FeN2O2Rh: 536.9773; found, 536.9767.  
 

Complex 1.12. A 6 mL glass vial equipped with a stirbar was 

charged with 1.8a (63 mg, 0.15 mmol), NaHMDS (30 mg, 

0.16 mmol), and toluene (3 mL). After sealing the vial with a 

Teflon lined cap, the mixture was stirred for 20 min and then 

filtered through a 0.2 μm Whatman PTFE filter into a clean 6 mL glass vial containing 

[Ir(COD)(μ–Cl)]2 (50 mg, 0.074 mmol). The combined mixture was then stirred at 

ambient temperature for an additional 2 h, and then concentrated. Purification using 

column chromatography using 3:1 hexanes/ethyl acetate as the eluent and silica gel as the 

stationary phase afforded 67 mg (71% yield) of the desired product as a yellow powder. 

A crystal suitable for X-ray analysis was obtained by slow diffusion of pentane into a 

CHCl3 solution of 1.12.  
1
H NMR (CDCl3): δ 4.91–4.86 (m, 2H), 4.58–4.53 (m, 2H), 4.42 

(br s, 2H), 4.21–4.19 (m, 4H), 4.15–4.14 (m, 2H), 3.90–3.89 (m, 2H), 3.00 (br s, 2H), 

2.15 (br s, 4H), 1.89 (heptet, J = 6.6, 2H), 1.59 (br s, 4H), 0.98 (d, J = 6.6, 6H), 0.93 (d, J 

= 6.6, 6H). 
13

C NMR (CDCl3): δ 213.2, 97.2, 79.6, 71.1, 71.0, 67.4, 67.0, 66.4, 53.6, 

34.1, 30.6, 27.8, 21.8, 21.8. HRMS Calcd. for C27H38ClN2FeIr [M
+
]: 670.1726. Found: 

670.1718. 

 

 Complex 1.13. A solution of 1.12 (60 mg, 0.088 mmol) in 

CH2Cl2 (5 mL) was stirred under an atmosphere of CO(g) at 

ambient temperature for 3 h. The solution was then 
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concentrated under reduced pressure and the resulting solid was dissolved in hexanes. 

This process was repeated several times to aid in the removal of free 1,5-cyclooctadiene. 

Drying the residual solids under high vacuum afforded 54.2 mg (99% yield) of the the 

desired product as a yellow powder. A crystal suitable for X-ray analysis was obtained by 

slow diffusion of pentane into a CHCl3 solution of 1.13. 
1
H NMR (CDCl3): δ 5.47–5.41 

(m, 2H), 4.28 (s, 4H), 4.22 (s, 2H), 4.12 (s, 2H), 3.46–3.42 (m, 2H), 2.01–1.94, 1.05 (d, J 

= 6.7, 6H), 0.91 (d, J = 6.7, 6H). 
13

C NMR (CDCl3): δ 202.4, 177.3, 166.6, 96.5, 71.8, 

71.5, 68.4, 66.7, 66.6, 27.9, 21.5, 21.0. FT-IR (CH2Cl2): 2064, 1983 cm
–1

. HRMS Calcd. 

for C21H26ClFeIrN2O2 [M
+
]: 618.0685. Found: 618.0685.  
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Chapter 2:  Redox-Switchable Metathesis Catalysts Incorporating 
Ferrocenophane Ligands 

INTRODUCTION 

Redox-switchable catalysis
3
 is an emerging field that uses changes in oxidation 

state to tune the electron richness of a ligand, and consequently the metal to which it is 

ligated. As transition metal catalysts are typically very sensitive to minute differences in 

ligand electronics,
75

 the use of redox-tunable ligands has been used to impart unique 

selectivities and/or activities to these catalysts as a function of ligand oxidation state.
4,5 

 

For example, a “proof of concept” in this area was reported by Gregson et. al. in 1995 

where a ferrocene-substituted salen ligand was used for titanium-catalyzed lactide 

polymerization.
4
 They discovered that upon oxidation of the ferrocene groups, the rate of 

polymerization drastically slowed down. Upon reduction back to the neutral complex, the 

initial rate of polymerization resumed. This method offers several key advantages over 

typical methods
43c,49a,76

  of tuning the electronics of transition metal catalysts, namely: 1) 

alteration of the ligand donating ability without additional synthetic modification; 2) the 

ability to control a catalyst’s activity using only an applied potential. While this work set 

precedence for a new way to control polymerizations, other examples have not been 

reported. Numerous redox-tunable ligands are known,
12–21

 however their use in redox-

switchable catalysis is still rather limited, and more ligand classes which are broadly 

applicable are needed. 

N-heterocyclic carbenes
28–31

 are a class of ligands which have found tremendous 

utility as ligands for many transition metal catalysts.
34

  Most importantly, as strong σ-

donors,
35,36

 they coordinate numerous transition metals in a range of oxidation states. 

Furthermore, they often impart enhanced stability and/or activity upon coordination to a 
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transition metal compared to their phosphine counterparts.
77

 Their wide-spread use in 

addition to attractive features such as synthetic modularity
37

 has inspired us to explore 

redox-active NHC derivatives in pursuit of a general class of ligands for redox-

switchable catalysis. 

 

 

Figure 2.1 Previously reported diaminocarbene[3]ferrocenophanes reported by ourselves 
(2.1, 2.2) and reported by others (2.3, 2.4).

1,78
 

Along these lines, we recently reported a related class of ligands based on 

diaminocarbene[3]ferrocenophanes (FcDAC) (Figure 2.1, 2.1 and 2.2),
1
 and related 

ligands have subsequently been reported by others (2.3 and 2.4).
78

 Ligands 2.1 and 2.2 

exhibited good electronic communication with coordinated Rh
1
 and Ir

2
 centers, which 

established their potential for use as redox-tunable ligands for transition metal catalysts. 

For example, complexes of the type [(2.1)Ir(CO)2Cl] were studied as a function of the 

oxidation state of Fe (i. e. Fe
II
 vs. Fe

III
).

1
 A spectroelectrochemical FT-IR experiment 

revealed that the carbonyl stretching energies (νCO) of the oxidized complex occurred 13 

cm
-1

 higher than those found for the neutral complex. To place these results into context, 

the νCO values for the relatively electron deficient Fe
III

 complex were comparable to those 

found for the analogous complex containing a (iPr)3P,
43e

 while the νCO values for the Fe
II 

complex compared well to those for complexes containing typical NHCs.
43b

 Similar 

results were obtained for the analogous Rh complex containing 2.1.
1  
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Figure 2.2 Commercially-available Ru metathesis catalysts. 

After this preliminary study, we sought to incorporate this class of ligands into 

transition metal catalysts in order to test their ability to function as redox-switchable 

catalysts. Olefin metathesis is an incredibly powerful class of reactions which has been 

used for the synthesis of small molecules as well as macromolecular materials.
79

 

Although a variety of catalysts for facilitating this useful transformation are known, those 

based on late transition metals, particularly ruthenium, tend to show the highest stabilities 

toward oxygen, moisture, and a broad range of functional groups.
80

 Representative 

examples of commercially available Ru-based catalysts which have found widespread 

utility in a variety of olefin metathesis reactions are shown in Figure 2.2.
81

 A broad range 

of ligands for metathesis active Ru catalysts have been studied, however, N-heterocyclic 

carbenes (NHCs) have emerged as a powerful class of ligands which typically enhance 

the activities and/or stabilities of Ru-based catalysts upon coordination relative to other 

ligand classes such as typical phosphines.
82,83,84 

We envisioned that using FcDAC ligands 

for ruthenium metathesis catalysts would bestow redox-switchable control over these 

synthetically useful reactions, leading to catalysts with tunable selectivites and/or 

activities. With these goals in mind, we herein describe the synthesis of Ru-based 

metathesis catalysts which contain FcDAC ligands, and establish their utility as redox-

switchable catalysts. 
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RU-BASED METATHESIS CATALYSTS: FIRST ATTEMPTS 

We first attempted to synthesize complexes of the type 

(FcDAC)(PCy3)Cl2Ru=CHPh. As discussed above, FcDAC ligands with N-iso-Butyl 

(2.1) and N-Phenyl (2.2) substituents have been previously reported by our group. 

Although their respective free diaminocarbenes could not be isolated, in-situ 

deprotonation of formamidinium salt precursors [2.1H][BF4] and [2.2H][BF4] followed 

by coordination provided convenient access to various transition metal complexes. In-situ 

deprotonation of 2.1 using NaHMDS followed by the addition (PCy3)2Cl2Ru=CHPh (2.5) 

appeared to result in formation of the desired complex, (2.1)(PCy3)Cl2Ru=CHPh, as 

evidenced by diagnostic signals in the 
1
H and 

31
P NMR spectra (CDCl3) of the crude 

reaction mixture. Specifically, a peak attributed to the benzylidene proton for the desired 

complex was visible at 20.10 ppm (d, 1H, J = 6.3 Hz). Furthermore, a new phosphorus 

signal had appeared and free PCy3 was present (28.5 ppm and 12.3 ppm, respectively). 

Unfortunately, attempts to isolate the desired complex revealed that this compound was 

prohibitively unstable in solution, even in the absence of air and moisture.
85

 Attempts to 

deprotonate 2.2 in the presence of 2.5 under a variety of conditions resulted in 

decomposition. 

We reasoned that the instability of the above complex could be due to dissociation 

of the bulky phosphine ligand which renders the benzylidene moiety susceptible to 

decomposition.
86

 Ru-indenylidene complexes are an alternative class of metathesis 

catalysts which have gained increasing attention recently due to their high thermal 

stability as well as high activity and selectivity in various metathesis reactions.
87

 In 

addition, we reasoned that decreasing the steric bulk of the phosphine might also improve 

the stability of the resulting complex. Therefore, we next investigated a complex of the 
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type (2.1)(PPh3)Cl2Ru=(3-phenylindenylidene). In-situ deprotonation of 2.1 followed by 

the addition of (PPh3)2Cl2Ru=(3-phenylindenylidene) appeared to give the desired 

compound as evidenced by the appearance of a new 
31

P signal at 32.18 ppm in addition to 

the presence of free PPh3 at -4.3 ppm (C6D6). Although minor amounts of this compound 

could be isolated, we were unable to access useable quantities despite a variety of 

purification techniques investigated including various precipitations, triturations, and 

column chromatography conditions. Unfortunately, attempts to synthesize a phosphine 

free complex containing 2.1 such as [(2.1)Cl2Ru=CH(2-iso-propoxyPh)] were also 

unsuccessful. 

Although bulky N-substituents are typically advantageous in NHC ligands for use 

in Ru metathesis catalysts due to steric protection of the metal center, they can cause 

complications. For example, attempts to prepare a 1,3-di(1-adamantyl)-r,4-

dihydroimidazol-2-ylidene ruthenium complex were unsuccessful.
88

 Additionally, 

attempted synthesis of a Ru-based catalyst containing bis(iso-propylamino)-formamidin-

2-ylidene was reported to result in decomposition.
89

 We recently reported the first 

examples of acyclic diaminocarbenes as ligands for ruthenium metathesis catalysts.
90

 

This class of ligands exhibited wide N–C–N bond angles that were quite comparable to 

those observed for reported FcDACs and their related transition metal complexes.
46

 We 

discovered a stable complex of the type [(ADC)(SIMes)Cl2Ru=CHPh] (ADC = N,N’-

dimesityl-N,N’-dimethyldiaminocarbene, SIMes = 1,3-dimesityl-imidazolin-2-ylidene) 

which possessed a conformation where both N-CH3 substituents were oriented towards 

the coordinated Ru center. We hypothesized that similarly, a FcDAC ligand with N-CH3 

substituents might enable isolation of stable Ru complexes given the expected similarity 

in steric properties based on comparable N–C–N bond angles. 
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SYNTHESIS AND CHARACTERIZATION OF AN N-CH3 

DIAMINOCARBENE[3]FERROCENOPHANE 

Synthesis of the desired formamidinium salt precursor was accomplished by 

cyclization of 1,1’-dimethylaminoferrocene using trimethylorthoformate and HBF4 to 

give N,N’-dimethylformamidinium[3]ferrocenophane tetrafluoroborate ([2.8H][BF4]). 

The diagnostic 
1
H NMR chemical shift attributed to the C2 proton for [2.8H][BF4] was 

observed at δ = 8.71 ppm in DMSO-d6, which was in good agreement with that 

previously found for [2.1H][BF4] (δ = 8.80 ppm in the same solvent). To examine the 

solid state structure of [2.8H][BF4], single crystals suitable for X-ray diffraction analysis 

were grown by slow diffusion of ether into a saturated CH2Cl2 solution of the compound. 

The N–C–N bond angle (129.3(4)°) was essentially identical to that observed for 

[2.1H][BF4] (129.6(3)°)
1
 and comparable to those for other known 

formamidinium[3]ferrocenophanes (129.7(2)–131.1(6)°).
78

 As observed for [2.1H][BF4], 

deprotonation of [2.8H][BF4] using NaHMDS in C6D6 provided access to N,N’-

dimethyldiaminocarbene[3]ferrocenophane (2.8). Although 2.8 was stable in solution for 

several hours in the absence of air and moisture, concentration resulted in decomposition, 

similarly to N-iso-butyl analogue 2.1. 

 

 

Scheme 2.1 Synthesis of Ir complexes containing 2.8. 
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We next wanted to compare the steric and electronic parameters of 2.1 and 2.8 

upon coordination to a transition metal to determine any differences in the steric 

influences of the N-CH3 versus N-iso-butyl substituents. Complexes of the type 

[(L)Ir(COD)Cl] (COD = 1,5-cyclooctadiene, L = NHC or phosphine) have proven quite 

useful for this purpose, and such compounds have been studied for numerous NHC and 

phosphine ligands.
43

 These complexes are also advantageous because they can be readily 

converted to the respective carbonyl complex [(L)Ir(CO)2Cl] which enables study of the 

ancillary ligand donicity via FT-IR spectroscopy. Furthermore, such complexes have 

been previously reported using 2.1 which would enable any subtle differences in the 

steric and electronic influences of these FcDACs to be determined.
2
 The in-situ 

deprotonation of 2.8 using NaHMDS followed by subsequent addition of [Ir(COD)(μ-

Cl)]2 afforded 2.9a in 55% yield after isolation by column chromatography (Scheme 2.1). 

The 
13

C chemical shift for the 2-position occured at δ = 215.6 ppm in CDCl3, quite 

comparable to that previously reported for [Ir(COD)Cl(2.1)] (2.1a) (δ = 213.2 ppm). 

 

 

Figure 2.3 Left: ORTEP diagram of 2.9a showing ellipsoids at 50% probability. 
Hydrogen atoms have been omitted for clarity. Key atom distances (Å) and 
angles (°): Ir–C1, 2.068(2); N1–C1–N2, 120.5(2). Right: ORTEP diagram of 
2.9b showing ellipsoids at 50% probability. Hydrogen atoms have been 
omitted for clarity. Key atom distances (Å) and angles (°): Ir–C1, 2.112(6); 
N1–C1–N2, 122.0(5). 
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To compare the solid state structure of 2.9a to previously reported analogues, X-

ray quality crystals were grown by slow evaporation of a concentrated CH2Cl2 solution 

containing the complex (Figure 2.3). The NCN bond angles exhibited by 2.9a (120.5(2)°) 

and 2.1a (121.9(3)°) were quite similar, as were the Ir–CFcDAC atom distances (2.068(2) 

and 2.068(3) Å, respectively) which suggested that the differing N-substituents had 

similar steric influences on the coordinated Ir center. These and other key structural 

parameters were comparable to those for previously reported NHC-supported 

[Ir(COD)Cl] complexes.
43b

 

A useful measure of the steric properties of NHCs is the %VBur, which can be 

determined from the crystal structure of an NHC-transition metal complex. The %VBur 

determines the volume occupied by ligand atoms within a sphere centered on the metal. 

To obtain a more detailed understanding of the steric properties of 2.1 versus 2.8, the 

%VBur was determined from their Ir(COD) structures using the methods reported by 

Cavallo.
91

 The %VBur calculated for 2.8 (28.4) was noticibly smaller than that for 2.1 

(30.2). To put these values into perspective, the %VBur for 2.8 was greater than imidazol-

2-ylidene analogues incorporating N-CH3 (24.9) and N-CH2CH3 substituents (26.0), but 

smaller than N-phenyl (30.5), while 2.1 was comparable to N-phenyl.
91

 Of note, the wide 

N–C–N bond angles present in FcDAC ligands relative to NHCs did result in a 

measurable increase of their steric properties (i. e. 28.4 for 2.8 versus 24.9–25.4 for 

various N-CH3 NHCs).
91 

Complex 2.9a was then converted to the corresponding [Ir(CO)2Cl] complex to 

compare the ligand donicity of 2.8 relative to 2.1, which can be quantified using IR 

spectroscopy.
43

 Facile ligand exchange was observed upon stirring a CH2Cl2 solution of 

2.9a under an atmosphere of CO to obtain dicarbonyl complex 2.9b in 80% isolated 

yield. The C2 resonance for 2.9b was found at 206.2 ppm in the 
13

C NMR, a value again 
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similar to that observed for the analogous complex [(2.1)Ir(CO)2Cl] (2.1b) (202.4 ppm). 

The IR spectrum of 2.9b showed two CO stretches at νCO = 2065 and 1983 cm
-1

, 

indistinguishable from those observed for 2.1b (νCO = 2064 and 1983 cm
-1

), indicating 

the coordinated Ir in these complexes had a very similar electronic character. An X-ray 

quality crystal of 2.9b was obtained to enable analysis of its solid state structure (Figure 

3). Key atom distances and angles were again quite comparable to those observed for the 

analogous complex containing 2.1. 

We then sought to investigate the electrochemical properties of 2.9a and 2.9b, as 

well as the extent of electronic communication between the Fe and Ir centers. This was 

first studied using cyclic voltammetry (CV). The CV of 2.9a exhibited two quasi-

reversible oxidations at 0.81 and 1.02 V, attributed to the Fe and Ir oxidations, 

respectively. Interestingly, the Fe oxidation for 2.1a occurred at 0.76 V, 50 mV lower, 

however, the Ir oxidation was at exactly the same energy. Upon ligand exchange of the π-

rich COD ligand (2.9a) for two π-acidic CO ligands (2.9b) a significant anodic shift was 

observed in the redox couple attributed to Fe (E1/2 = 1.02 V) and the Ir oxidation was 

shifted outside of the solvent window, consistent with results previously reported for 

2.1a→2.1b.
68,69

 The 210 mV shift observed upon ligand exchange is evidence of good 

electronic communication between the Ir and Fe centers, as a decrease in electron density 

on Ir due to the π-acidic CO ligands consequently makes the Fe harder to oxidize. 

Furthermore, the shift observed for 2.9a→2.9b was 30 mV larger than for 2.1a→2.1b 

(E1/2 = 0.94 V, ΔE1/2 = 180 mV). The degree of electronic communication in these 

complexes was also investigated using spectroelectrochemical IR analysis. Upon 

selective oxidation of the Fe center of 2.9b using bulk electrolysis, the initial νCO = 2065 

and 1983 cm
-1 

shift towards higher wavenumbers (νCO = 2076 and 1998 cm
-1

), indicating 

a stronger CO bond due to decreased π-backbonding with Ir. The magnitude of change in 
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CO stretching frequencies for 2.9b (Δνav = 14 cm
-1

) was nearly identical to that observed 

previously for 2.1b (Δνav = 13 cm
-1

). 

RU-BASED METATHESIS CATALYSTS INCORPORATING 2.8 

Upon verification of significant electronic communication between 2.8 and the 

coordinated Ir center and investigation of its steric and electronic properties, efforts 

shifted toward synthesizing Ru alkylidenes containing this ligand.  We again attempted 

the synthesis of a (FcDAC)(PCy3)Cl2Ru=CHPh, which could be obtained by treating a 

toluene solution of [2.8H][BF4] with NaHMDS followed by the addition of 

(PCy3)2Cl2Ru=CHPh (Figure 2.4, 2.10). Gratifyingly, the expected complex was formed 

and was stable enough to be isolated using column chromatography. The diagnostic low 

field benzylidene peak in the 
1
H NMR spectrum of 2.10 was found at 19.61 ppm (d, J = 

4.5) in addition to a signal in the 
31

P NMR at 35.86 ppm (CD2Cl2).
92

 Although this 

complex was found to have limited stability in solution and decomposed over a period of 

hours at ambient temperature even in the absence of O2 and water, fortunately, 2.10 was 

found to be stable in the solid state when stored at -30 °C, and was stable enough to be 

fully characterized. 

 

 

Figure 2.4 Ru complexes synthesized containing 2.8. 
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We again attributed the apparent instability of 2.10 to the lability of the phosphine 

ligand trans to the diaminocarbene, albeit, to a lesser extent than in the analogous 

complex containing 2.1.  As such, we again pursued more stable derivatives which 

incorporated a less bulky phosphine and an indenylidene moiety.
93

 Addition of 

(PPh3)2Cl2Ru=(3-phenylindenylidene) to a C6D6 solution of the diaminocarbene formed 

by in-situ deprotonation using NaHMDS appeared to form the desired compound 2.11 by 

NMR spectroscopy. In addition to the formation of free PPh3 (-4.29 ppm), diagnostic 

signals at 9.18 (d, J = 7.2, α-CHindenylidene) and 32.65 ppm were observed in the 
1
H and 

31
P 

NMRs, respectively, of the crude solution. These signals were similar to those reported 

for analogous NHC-containing Ru-indenylidene complexes (
1
H = 8.31–7.01 (d, J = 7.7–

7.2) and 
31

P = 30.51–27.3 ppm).
94

 However, upon isolation of the desired complex, an 

unexpected rearrangement was observed.
95

 The 
13

C NMR (CD2Cl2) of this compound 

exhibited doublets for the Cindenylidene (297.1 ppm, J = 16.1 Hz) and Cdiaminocarbene (215.7 

ppm, J = 8.3 Hz) whose diagnostic JC-P coupling constants indicated a cis arrangement of 

the diaminocarbene ligand relative to the phosphine nucleus rather than the commonly 

observed trans geometry.
96

 While this rearrangement has been observed previously for 

other related ruthenium complexes, to the best of our knowledge, this is the first example 

of an indenylidene complex containing this unusual geometry. Despite this unusual 

geometry, this compound was found to be stable both in solution and in the solid state. 

Additional support for the unique conformation observed for 2.11 was obtained using 

single crystal X-ray diffraction analysis.  X-ray quality crystals were obtained by vapor 

diffusion of hexanes into a saturated benzene solution of the complex.  The ORTEP 

diagram shown in Figure 2.5 revealed that the phosphine and diaminocarbene possessed a 

cis arrangement in the solid state as well. 
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Figure 2.5 ORTEP diagram of 2.11 showing ellipsoids at 50% probability. Hydrogen 
atoms have been removed for clarity. Key bond distances (Å) and angles (°): 
Ru–C1, 2.063(3); Ru–C2, 1.862(4); Ru–P, 2.331(1); N1–C1, 1.358(5); N1–
C2, 1.354(5); N1–C1–Ru, 111.4(2); N2–C1–Ru, 127.6(2); C1–Ru–C2, 
102.2(1); C1–Ru–P, 97.9(1); Cl1–Ru–Cl2, 87.98(3); N1–C1–N2, 120.8(2). 

METATHESIS ACTIVITY OF RU-FCDAC CATALYSTS 

After the synthesis and characterization of 2.10 and 2.11, a preliminary 

investigation of their catalytic activities was conducted.  Under the standardized 

conditions reported by Funk and coworkers,
97

  2.10 showed relatively low catalytic 

activity in representative ring-opening metathesis polymerization (ROMP) and ring-

closing metathesis (RCM) reactions, with respect to commercially-available 2.5-2.7, and 

2.11 did not show any activity, as expected for indenylidene catalysts which typically 

require thermal activation (Table 2.1).  However, significantly enhanced catalytic 

activities were observed at elevated temperatures. For example, both 2.10 and 2.11 gave 

essentially complete conversion of 1,5-cyclooctadiene to poly(1,4-butadiene) (2.1) in 1 

hour or less at 80 °C (entries 3 and 5, respectively). However, both catalysts appeared to 

have limited applicability for use as catalysts for RCM reactions (2.2), as the highest 
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conversion observed using either 2.10 or 2.11 even at elevated temperatures was only 

45%. 

 

 

Scheme 2.2 Metathesis reactions studied using 2.10 and 2.11. 

 

Table 2.1 Summary of metathesis activity for various olefin metathesis reactions.
a 

 

 Entry Catalyst  Solvent Temperature 
(°C) 

Reaction 
Time (h) 

Conversion 
(%) 

(2.1) 1 2.10 CD2Cl2 30 1 58 
 2    24 93 
 3  toluene-d8 80 0.5 100 
 4 2.11 CD2Cl2 30 24 4 
 5  toluene-d8 80 1 95 
(2.2) 6 2.10 CD2Cl2 30 1 10 
 7    24 30 
 8  toluene-d8 80 1 37 
 9    24 45 
 10 2.11 CD2Cl2 30 24 0 
 11  toluene-d8 80 1 19 
 12    24 20 

a 
For (2.1), [COD]0 = 0.5 M. For (2.2), [DDM]0 = 0.1 M. Conversions were 

determined by 
1
H NMR spectroscopy. See experimental section for additional details. 
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ELECTROCHEMICAL PROPERTIES OF RU-FCDAC CATALYSTS AND PRECURSORS 

Having established that catalysts 2.10 and 2.11 showed moderate activities at 

elevated temperatures, efforts shifted towards evaluating the electrochemical processes 

associated with their respective metal centers in order to determine conditions suitable for 

redox-switchable catalysis involving these catalysts. The electrochemical properties of 

2.10 and 2.11 were first studied by CV (Table 2.2). Unfortunately, 2.10 exhibited two 

irreversible oxidations at 0.71 and 0.86 V, likely due to the instability of this complex in 

solution, precluding any useful redox-switchable functions. Interestingly, the redox 

processes observed for 2.11 (0.79 and 0.98 V) were nearly overlapping. The differential 

pulse voltammograms (DPV) of 2.11 and [(PPh3)2Cl2Ru=(3-phenylindenylidene)] could 

be compared to provide further evidence for this result (Figure 2.6). Deconvolution of the 

DPV for 2.11 revealed two overlapping oxidations separated by approximately 100 mV. 

However, as expected, only one peak was obtained upon deconvolution of the DPV for 

[(PPh3)2Cl2Ru=(3-phenylindenylidene)].  

 

 

Figure 2.6 DPVs of 2.11 (left) and [(PPh3)2Cl2Ru=(3-phenylindenylidene)]  (right). 
Conditions: CH2Cl2 solution containing 1 mM analyte and 0.1 M [n-
Bu4N][PF6] as supporting electrolyte, 4 mV increment, 50 mV amplitude, 
0.1 s pulse width, 0.0167 s sample width, 1 s pulse period. 
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Table 2.2 Summary of electrochemical properties for various compounds.
a 

 
    E1/2 (V)

b
 

[2.8H][BF4]  1.03 
2.9a   0.81, 1.02 

2.9b   1.02
c
 

2.10   0.71 (ir), 0.86 (ir) 

2.11   0.79, 0.98 
   

a
 Conditions: CH2Cl2 solution containing 1 mM analyte and 0.1 M [n-Bu4N][PF6] 

as supporting electrolyte. All redox processes are quasi-reversible unless otherwise noted; 

ir = irreversible. 
b
 Values are reported relative to SCE by addition of decamethylferrocene 

as an internal standard adjusted to -0.057 V.
70

 
c
 The Ir-centered oxidation could not be 

observed within the solvent window. 

 

REDOX-SWITCHABLE METATHESIS ACTIVITY AND CHARACTERIZATION 

Although overlapping electrochemical processes were found for 2.11, this did not 

necessarily preclude reversibility of the redox couple associated with Fe, and therefore 

the ability to bestow redox-switchable properties to the corresponding Ru catalyst. Thus, 

we next focused our efforts on examining the effect of ligand oxidation on the resulting 

metathesis activity of 2.11. We investigated readily-available 2,3-dichloro-5,6-

dicyanoquinone (DDQ) as a one electron oxidant for 2.11, as numerous reports have 

characterized analogous oxidation products of Fc and substituted Fc-derivatives using 

this chemical oxidant.
98

 Decamethylferrocene (Fc*) was determined to be a suitable 

reductant for 2.11 (E1/2 = -0.057 V, CH2Cl2, vs. SCE)
70

 given its compatibility with the 

system under study (i.e. formation of a benign oxidation product). 
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We then studied the ROMP of 1,5-cyclooctadiene at 60 °C and monitored the 

reaction progress by NMR spectroscopy (Figure 2.7). When the conversion of 1,5-

cyclooctadiene to polymer had reached approximately 25%, excess DDQ (relative to 

catalyst) was added,
99

 and the rate of polymerization drastically slowed down. Upon 

addition of Fc* after either 30 minutes or 1 hour, an increase in rate was observed. 

Although the catalyst did appear to suffer from some decomposition, these results 

established the ability of the redox properties of FcDAC ligands to alter the rate of 

metathesis reactions. 

 

 

Figure 2.7 Redox-switchable ROMP of 1,5-cyclooctadiene using 2.11 (◊) and the 

analogous reaction with no redox events for comparison (♦). Conversion 

was monitored by 
1
H NMR. For redox-switchable reactions, excess (relative 

to catalyst) DDQ (4 equiv) was added after conversion had reached 
approximately 25%. Subsequently, Fc* (5 equiv) was added after an 
additional 0.5 h or 1 h. See supporting information for details. 
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The results of the above redox-switchable metathesis reaction suggested that Fe 

oxidation had occurred, however, we sought to characterize the oxidized catalyst to 

confirm the identity of the metal center being oxidized. In light of the closely occurring 

oxidations between Fe and Ru found for 2.11, attempted spectro-electrochemical UV/vis 

experiments were inconclusive. However, solutions of 2.11 and DDQ supported the 

formation of DDQ
• – 

as evidenced by UV/vis spectroscopy (Figure 2.8), which gave 

preliminary evidence that oxidation had occurred, even if the identity of the metal center 

undergoing oxidation was not conclusive. In particular, the absorptions in the region 

shown are identical to those previously reported for DDQ
• – 

attributed to π → π* and n → 

π* transitions.
98

 While these signals indicated that an oxidation had occurred, 

unfortunately they concealed the diagnostic region of the LMCT transition expected for 

Fc
+
 at approximately 630 nm, which precluded the assignment of the identity of the metal 

oxidation.
100

  

To confirm the identity of the metal center undergoing oxidation, EPR 

spectroscopy was then investigated. An X-band EPR spectrum of equimolar 2.11 and 

DDQ in CH2Cl2 was recorded at 110 K (Figure 2.9). Fc
+
 typically exhibits large orbital 

contributions to g values resulting in highly anisotropic g-tensors and one component 

typically at approximately g = 4.
101

 Conversly, Ru
III

 exhibits a relatively small g-

anisotropy with individual g-components between g = 1.5 and g = 2.5.
102

 The EPR 

spectrum for 2.11 reacted with DDQ showed the expected axial splitting pattern for an 

Fe
III

 low spin d
5
 ground state with g┴ > g║. A signal attributed to Fe

III
 was observed at g┴ 

= 4.29, however g║ was too weak to be observed under the experimental conditions 

employed which prevented calculation of the g-tensor anisotropy. These results were in 

very good agreement with the Schiff base complex [Fc-CH=N-C6H5][DDQ] reported by 

Pal et. al, which exhibited g┴ = 4.31 and g║ was not observed.
98d

 Pal et. al. also reported 
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an isotropic signal attributed to a carbon centered radical at giso = 2.09, consistent with 

that observed for 2.11 reacted with DDQ (giso = 2.01). Addition of excess DDQ to 2.11 

did not result in any observable changes to the aforementioned signals. As a control, an 

analogous sample was prepared using 2.6 (which contains only Ru) and DDQ (data not 

shown). One strong signal was observed, attributed to DDQ
• –

, found at giso = 2.01, 

however no signals could be attributed to Ru
III

.
101b,102

 Collectively, these results support 

that the redox-switchable properties observed for 2.11 were attributed to oxidation of the 

ferrocenophane moiety, although we cannot confidently argue that Ru oxidation was not 

occurring given the absence of diagnostic signals attributed to Ru
III

 in the control 

experiment. 

 

Figure 2.8 UV/vis absorption spectra of various compounds reacted with DDQ. 
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Figure 2.9 X-band EPR spectrum of 2.11 (1 mM) and DDQ (1 mM) in CH2Cl2 recorded 
at 110 K. Parameters: 9.440 GHz frequency, 2.0 mW power, 2.00e

4
 receiver 

gain, 100.00 kHz modulation frequency, 10.00 modulation amplitude, 
81.920 ms time conversion and time constant. 

CONCLUSIONS 

In sum, we have reported the first example of a Ru-based metathesis catalyst 

incorporating a FcDAC ligand. This catalyst was used to impart redox-switchable 

functions to the ROMP of 1,5-cyclooctadiene. UV/vis and EPR spectroscopy were used 

to confirm the presence of both the Fe-centered radical and the DDQ
• –

 ion for complex 

2.11. The nearly overlapping electrochemical processes associated with the Fe and Ru 

centers found for 2.11 preclude selective oxidation of the Fe center electrochemically, 

however derivatives with optimized metal oxidation potentials should lead to catalysts 

with finely controllable redox-switchable functions in a variety of transition metal 

catalysts. 
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EXPERIMENTAL 

General Considerations: Dichloromethane (CH2Cl2) and toluene were distilled from 

CaH2 under an atmosphere of nitrogen. Benzene-d6 was distilled from sodium and 

benzophenone under an atmosphere of nitrogen. The aforementioned solvents were then 

degassed by three, consecutive freeze-pump-thaw cycles. CD2Cl2 and toluene-d8 (99.9%) 

were purchased from Cambridge Isotope Laboratories and used as received. 

(PCy3)2Cl2Ru=CHPh (Cy = cyclohexyl) (2.5) was purchased from Aldrich. Diethyl 

diallylmalonate (DDM), purchased from Aldrich, was dried by stirring over 4 Å 

molecular sieves then degassed by three consecutive freeze-pump-thaw cycles. 1,5-

cyclooctadiene, purchased from Aldrich, was distilled from CaH2 under an atmosphere of 

N2 then degassed by three consecutive freeze-pump-thaw cycles. (PPh3)2Cl2Ru=(3-

phenylindenylidene)
103

 and N,N’-Di-iso-butylformamidinium [3]ferrocenophane•BF4 

([1H][BF4])
1
 were synthesized according to literature procedures. All other materials and 

solvents were of reagent quality and were used as received. Unless otherwise noted, all 

manipulations were performed under an atmosphere of nitrogen using standard drybox or 

Schlenk techniques. 

 

Instrumentation: 
1
H and 

13
C {

1
H} NMR spectra were recorded using a Varian 300, 400, 

500 or 600 MHz spectrometer. Chemical shifts δ (in ppm) were referenced to 

tetramethylsilane using the residual solvent as an internal standard. For 
1
H NMR: CDCl3, 

7.24 ppm; C6D6, 7.15 ppm; toluene-d8, 2.09 ppm; CD2Cl2, 5.32 ppm; DMSO-d6, 2.49 

ppm. For 
13

C NMR: CDCl3, 77.0 ppm; DMSO-d6, 39.5 ppm. Coupling constants (J) are 

expressed in hertz (Hz). 
31

P NMR spectra was recorded using a Varian 300 MHz 

spectrometer, with chemical shifts δ (in ppm) referenced to H3PO4. X-band EPR spectra 
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were recorded on a Bruker EMX plus spectrometer equipped with a high sensitivity 

cavity and variable temperature unit. UV/vis spectroscopy was performed UV-visible 

absorption spectra were recorded on a Perkin-Elmer Lambda 35 spectrometer. All  

measurements were made using matched 6Q Spectrosil quartz cuvettes (Starna) with 1 

cm path lengths and 3.0 mL of sample solution volumes. Electrochemical experiments 

were conducted on CH Instruments Electrochemical Workstations (series 630B and 

700B) using a gastight, three-electrode cell under an atmosphere of dry nitrogen. The cell 

was equipped with platinum working and counter electrodes, as well as a silver wire 

quasi-reference electrode. Measurements were performed in dry CH2Cl2 with 0.1 M [tetra-

n-butylammonium][PF6] as the electrolyte and decamethylferrocene [Fc*] as the internal 

standard. High-resolution mass spectra (HRMS) were obtained with a VG analytical 

ZAB2-E or a Karatos MS9 instrument (ESI or CI) and are reported as m/z (relative 

intensity). Elemental analyses were performed by Midwest Microlabs, LLC 

(Indianapolis, IN). 

 

1,1’-Diformamidoferrocene.
104

 A 20 ml glass vial was charged 

with 1,1’-diaminoferrocene
44

 (1.7 g ,7.9 mmol), phenyl formate (2.1 

g, 95%, 17 mmol) and a stir bar. Upon addition of the phenyl 

formate ,the reaction mixture instantly turned dark brown and heat 

was generated. The reaction mixture was subsequently stirred for 4 

h at ambient temperature. After this point the work-up was done in air. The crude product 

was purified via column chromatography (media: SiO2; CH2Cl2 : MeOH 9 : 1 v/v). The 

solvent was then removed by concentration under reduced pressure to give the desired 

compound as an orange powder (1.7 g, 80% yield). m. p.: 118–120 C. 
1
H NMR (400 

MHz, DMSO-d6):  9.46 (s, 0.4H), 9.34 (s, 1H), 9.25(m, 0.2H), 9.13 (m, 0.4H), 8.40 (m, 
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0.55H), 8.07 (m, 1.45H), 4.53 (t, J = 1.8 , 0.85H), 4.50 (t, J = 1.8, 2H), 4.28 (t, J = 1.8, 

0.3H), 4.24 (t, J = 1.8, 0.85H), 4.01 (t, J = 1.8 , 0.3H), 3.99 (m, 1.6H), 3.91 (t, J = 1.8 , 

2.1H). 
13

C NMR (100 MHz, DMSO-d6):  163.1, 159.4, 159.1, 95.9, 94.5, 94.3, 65.7, 

65.4, 65.1, 65.1, 62.0, 61.8, 60.9, 60.6. HRMS: calcd for C12H12N2O2Fe ([M]
+
) 

272.02482, found 272.02431.  

 

1,1’-Dimethylaminoferrocene. A 250-ml Schlenk flask was 

charged with lithium aluminum hydride (LAH) (0.3 g, 9.6 mmol), 

THF (20 ml) and a stir bar. The mixture was cooled to 0 C in an ice 

bath. Under a constant stream of nitrogen, a degassed slurry of 1,1’-

diformamidoferrocene (500 mg, 1.8 mmol) in THF (20 ml) was added dropwise over 30 

min via a syringe. After stirring for an additional 30 min at 0C, the flask was fitted with 

a condenser and refluxed for 1 h. The reaction mixture was then cooled to 0 C in an ice 

bath and the excess LAH was quenched via dropwise addition of degassed water. Water 

(50 ml) and Ether (50 ml) were then added. After the white precipitate was allowed to 

settle, the ethereal phase was separated under nitrogen and evacuated at 20 millitorr for 

24 h to give 1,1-dimethylaminoferrocene as an orange solid (350 mg, 78% yield). m.p. 

68–70 C. 
1
H-NMR (400 MHz, C6D6):   3.84 (t, J=1.8, 4H), 3.72 (t, J=1.8, 4H), 2.73 (s, 

6H), 1.73 (br s, 2H). 
13

C NMR (100 MHz, C6D6):  112.3, 63.2, 55.7, 33.8. HRMS calcd 

for C12H14N2Fe ([M]
+
): 244.06629; found: 244.06561. 

 

N,N’-Dimethyl[3]ferrocenophane BF4 ([2.8H][BF4]). 1,1’-

dimethylaminoferrocene (639 mg, 2.61 mmol), degassed 

trimethylorthoformate ( 5 ml),  tetrafluoroboric acid etherate 

(0.35 ml,  2.6 mmol) and a stir bar were added to a 25-ml 
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Schlenk flask under nitrogen. The reaction mixture was heated for 30 min at 60C. After 

allowing the mixture to cool to room temperature, the solvent was removed under 

vacuum. In a glovebox, the residue was extracted with CH2Cl2 (5 ml) and filtered through 

a 0.25 μm PTFE filter into hexanes (50 ml) to afford a golden precipitate. The precipitate 

was collected by filtration and washed with hexanes. The solid was dried under vacuum 

to give a gold powder (780 mg, 88% yield). Crystals suitable for X-ray structure 

determination were grown by slow diffusion of ether into a saturated DCM solution. 
1
H–

NMR (400 MHz, DMSO-d6):  8.71 (s, 1H), 4.67 (t, J = 1.8, 4H), 4.45 (t, J = 1.8, 4H), 

3.50 (s, 6H). 
13

C–NMR (100 MHz, DMSO-d6):  162.0, 93.7, 71.7, 67.2, 45.7. Td, 245 

ºC. HRMS calcd for C13H15N2Fe ([M-BF4]
+
): 255.0575; found: 255.05792. Anal. Calcd 

(%) for C13H15N2FeBF4: C, 45.67; H, 4.42; N, 8.19; found: C, 45.43; H, 4.42; N, 8.08. 

 

  [(2.8)Ir(COD)Cl] (2.9a). A 7.5 mL glass vial equipped 

with a stir bar was charged with [8H][BF4] (74 mg, 0.22 

mmol), NaHMDS (42 mg, 98%, 0.22 mmol), and toluene 

(3 ml). The mixture was then stirred for 5 min. 

[Ir(COD)Cl]2 (72 mg, 0.12 mmol) was then added. The resulting brown mixture was 

stirred for 12 hrs, after which the work up was done in air. The solvent was removed by 

evaporation under reduced pressure. The residue was taken up in a minimal amount of 

CH2Cl2 and purified using column chromatography (media: SiO2; hexanes : ethyl acetate 

3 : 1 v/v). The yellow fraction was condensed to give the desired product as a yellow 

powder (70 mg, 55%). 
1
H–NMR (400 MHz, CDCl3):  4.47 (m, 2H), 4.18 (m, 12H), 3.91 

(m, 2H), 2.96 (m, 2H), 2.20 (m, 4H), 1.75–1.50 (m, 4H). 
13

C–NMR (100 MHz, CDCl3):  

215.6, 100.2, 81.4, 71.0, 70.9, 66.3, 65.5, 53.2, 48.8, 33.1, 29.4. Td, 179 ºC. HRMS calcd 
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for C21H24N2FeIr ([M-2H-Cl]
+
): 553.09180; found 553.09146. Anal. Calcd (%) for 

C21H26ClN2FeIr: C, 42.75; H, 4.36; N, 4.94; found: C, 42.87  ; H, 4.65; N, 4.65. 

 

 [(2.8)Ir(CO)2Cl] (2.9b). A 20 mL glass vial equipped with 

a stir bar was charged with 2.9a (70 mg, 0.12 mmol) and 

CH2Cl2 (5 ml). The vial was sealed with a septum. The 

solution was then stirred under an atmosphere of CO (1 

atm) for 3 h. The solvent was removed by concentration under reduced pressure to give a 

yellow powder. The powder was washed with a minimal amount of pentane then dried 

under vacuum for 48 h to remove residual 1,5-cyclooctadiene to give 9b (51 mg, 80% 

yield). 
1
H–NMR (400 MHz, CDCl3):  4.27 (m, 4H), 4.23 (m, 2H), 4.16 (m, 2H), 3.98 (s, 

6H). 
13

C–NMR (100 MHz, CDCl3):  206.2, 180.5, 168.5, 99.4, 71.6, 71.5, 66.1, 65.6, 

50.0. FT-IR (CH2Cl2): 2065, 1983. Td, 233 ºC. HRMS calcd for C15H14N2O2FeIr ([M-2H-

Cl]
+
): 503.0034, found 503.0029. Anal. Calcd (%) for C15H16ClN2O2FeIr: C, 33.37; H, 

2.99; N, 5.19; found: C, 33.84; H, 2.60; N, 5.00. 

 

 (N,N'-

Dimethyldiaminocarbene[3]ferrocenophane)(PCy3)Cl2Ru=CHPh 

(2.10). A 6 mL glass vial equipped with a stir bar was charged with 

[2.8H][BF4] (56.1 mg, 0.164 mmol), NaHMDS (30.3 mg, 0.165 

mmol) and toluene (4 mL) and then sealed with a Teflon lined cap. 

The reaction mixture was stirred for 5 min at ambient temperature, 

and then 2.5 (40.5 mg, 0.0492 mmol) was added and the vial was re-sealed with a Teflon 

lined cap. The solution was stirred at ambient temperature for 10 min. The resulting 

brown solution was then loaded directly onto a prepared column (media: SiO2, 10 : 1 
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hexanes : ethylacetate v/v). The column was washed with the aforementioned solvent 

ratio until unreacted 2.5 eluted as a bright purple solution. The column was then washed 

with ethyl acetate and the product eluted as a lime green solution. Evaporation of the 

solvent under reduced pressure yielded a lime green solid. A solution of hexanes : 

ethylacetate (20 : 1 v/v, 10 mL) was added which caused precipitation of a pale green 

powder which was then collected by vacuum filtration to give 2.10 (22.4 mg, 57% yield). 

1
H NMR (500 MHz, CD2Cl2):

105
 δ 19.61 (d, 1H, J = 4.5), 9.04 (s, 1H), 7.74 (s, 1H), 7.59 

(t, 1H, J = 7.0), 7.36 (br s, 2H), 4.40 (s, 1H), 4.30 (s, 2H), 4.22–4.16 (m, 5H), 4.09 (s, 

3H), 2.73 (s, 3H), 2.08–0.75 (m, 30H). 
13

C NMR (125 MHz, CD2Cl2):
105

 δ 299.7, 223.6 

(d, J = 76.6), 151.2, 130.8, 129.3, 128.7, 128.1, 127.8, 98.3, 97.21, 97.18, 71.7, 71.0, 

70.4, 70.3, 66.5, 66.4, 66.3, 65.5, 49.8, 45.5, 31.2 (br), 28.3, 27.1 (br), 26.0. 
31

P NMR 

(200 MHz, CD2Cl2):
105

 δ 35.86. HRMS calcd. for C38H54N2PClFeRu ([M
+
-Cl]): 

762.2106; found: 762.2098. Anal. Calcd (%) for C38H53Cl2FeN2PRu: C, 57.29; H, 6.71; 

N, 3.52. Found: C, 57.43; H, 6.78; N, 3.67 

 

 (N,N'-

Dimethyldiaminocarbene[3]ferrocenophane)(PPh3)Cl2Ru=(3

-phenylindenylidene) (2.11). A 6 mL glass vial equipped with a 

stir bar was charged with [2.8H][BF4] (102.8 mg, 0.301 mmol), 

NaHMDS (57.2 mg, 0.312 mmol) and toluene (6 mL) and then 

sealed with a Teflon lined cap. The reaction mixture was stirred 

for 5 min at ambient temperature. (PPh3)2Cl2Ru=(3-phenylindenylidene) (157.8 mg, 

0.178 mmol) was added and the vial was sealed with a Teflon lined cap. The solution was 

stirred at ambient temperature for 1 h and then concentrated under reduced pressure to 

afford a brown solid. The solid was then purified by column chromatography (Media: 
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SiO2; 10 : 1 hexanes : ethyl acetate v/v) to elute a light red fraction. The solvent was then 

switched to ethyl acetate to elute a dark red fraction. The second dark red fraction was 

evaporated to dryness by concentration under reduced pressure. Benzene was then added 

(3 mL) which caused a red microcrystalline solid to precipitate upon standing. The solid 

was recovered by vacuum filtration to yield 2.11 as a red microcrystalline solid (18.9 mg, 

12% yield). Subsequent purification of the first fraction eluted from the column by 

additional chromatography using the aforementioned solvent system increased the overall 

yield of combined fractions to 30% yield. X-ray quality crystals were grown by vapor 

diffusion of hexanes into a saturated benzene solution of the complex. 
1
H NMR (300 

MHz, CD2Cl2): δ 9.38 (d, 1H, J = 6.9), 7.59–7.25 (m, 23H), 6.13 (s, 1H), 4.35 (m, 2H), 

4.26 (br s, 2H), 4.23 (br s, 2H), 4.17 (m, 1H), 4.05 (m, 1H), 3.38 (s, 3H), 2.71 (s, 3H). 
13

C 

NMR (150 MHz, CD2Cl2): δ 297.1 (d, J = 16.1), 215.7 (d, J = 8.3), 145.0, 145.0, 141.8, 

140.6, 140.5, 137.9, 135.5, 134.7, 131.5, 130.9, 130.81, 130.80, 130.4, 129.4, 129.1, 

128.9, 128.71, 128.67, 128.6, 126.8, 118.3, 100.0, 99.5, 72.3, 72.2, 71.7, 71.5, 67.4, 66.5, 

65.4, 64.4, 50.9, 46.9. 
31

P NMR (121 MHz, CD2Cl2): δ 47.99. HRMS calcd. for 

C46H39ClFeN2PRu ([M
+
-Cl]): 843.09420; found: 843.09268. Satisfactory elemental 

analysis for this complex could not be obtained. 

 

General Procedure Used to Measure the Kinetics of the ROMP of 1,5-

Cyclooctadiene.
97

 Inside a drybox, an NMR tube was charged with either (i) 25 μL (0.40 

μmol) of a 0.016 M stock solution of catalyst in CD2Cl2 and 0.78 mL of CD2Cl2 or (ii) 25 

μL (0.40 μmol) of a 0.016 M stock solution of catalyst in toluene-d8
106

 and 0.78 mL of 

toluene-d8. The tube was capped and shaken vigorously before 1,5-cyclooctadiene (49.1 

μL, 43.3 mg, 0.40 mmol; [monomer]0 = 0.5 M) was added. The reaction was then 

removed from the drybox and allowed to proceed at either 30 ºC or 80 ºC in an oil bath. 



 55 

After 1 or 24 h, the progress of the reaction was determined by comparing the integral of 

the signals attributed to the 1,5-cyclooctadiene methylene protons (δ = 2.17 ppm, m) and 

1,4-polybutadiene (δ = 2.08 ppm, br m). 

 

General Procedure Used to Monitor the RCM of Diethyl Diallylmalonate.
97

 Inside a 

drybox, an NMR tube was charged with either (i) 50 μL (0.80 μmol) of a 0.016 M stock 

solution of catalyst in CD2Cl2 and 0.75 mL of CD2Cl2 or (ii) 50 μL (0.80 μmol) of a 

0.016 M stock solution of catalyst in toluene-d8
106

 and 0.75 mL of toluene-d8. The tube 

was then capped and shaken vigorously before diethyl diallylmalonate (DDM) (19.3 μL, 

19.2 mg, 0.080 mmol; [DDM]0 = 0.1 M) was added. The tube was then re-capped, 

shaken, and sealed with parafilm. The reaction was then removed from the drybox and 

allowed to proceed at either 30 ºC or 80 ºC in an oil bath. After 1 or 24 h, the progress of 

the reaction was determined by comparing the integral of the signals attributed to the 

methylene protons in DDM (δ = 2.61 ppm) with those found in the product (δ = 2.98 

ppm). 

 

Redox-switchable ROMP using 2.11. In a nitrogen filled drybox, a stock solution of 

2.11 in CD2Cl2 was prepared (0.016 M). Stock solutions of DDQ (0.02 M) and Fc* (0.02 

M) were prepared in toluene-d8. A screw-cap NMR tube was then charged with catalyst 

stock solution (10 μL, 0.16 μmol) and toluene-d8 (0.79 mL) and then sealed with a 

septum-top screw-cap. The NMR tube was then equilibrated to 60 °C inside of the NMR 

spectrometer. The sample was ejected and DDM (21 μL, 0.087 μmol) was quickly added 

through the septum top via microsyringe. NMR spectra were collected at 2 min intervals 

until the conversion had reached approximately 25%. The sample was again ejected and 

DDQ (32 μL, 0.64 μmol) was quickly added through the septum top via microsyringe. 
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Data acquisition resumed at 2 minute intervals until either 30 min or 1 h had elapsed. The 

sample was again ejected and Fc* (40 μL, 80 μmol) was quickly added through the 

septum top via microsyringe. An NMR array function was then used to acquire a 

spectrum every two minutes for 3 h. 
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Chapter 3: N-Aryl-N-Alkyl-Acyclic Diaminocarbene Ligands: 
Controlling Conformation via Sterics

46
 

INTRODUCTION 

N-Heterocyclic carbenes (NHCs) and their transition metal complexes have been 

of interest to many in the chemical community since the 1960s.
28–31,38,107

  However, the 

isolation
32

 of 1,3-diadamantyl-imidazol-2-ylidene (3.1) by Arduengo and co-workers in 

1991 sparked a cascade of investigations surrounding the synthesis and utility of NHCs 

(e.g., 3.2 – 3.3) in numerous catalytic reactions.
108

  Acyclic diaminocarbenes (ADCs) (3.4 

– 3.6), on the other hand, have received relatively less attention.
107

  Although they were 

discovered by Alder and co-workers over a decade ago,
46c

 relatively few reports have 

addressed the preparation and utility of ADCs.
109

  The paucity of examples is striking 

when one considers that these compounds are readily-accessible via deprotonation of 

acyclic formamidinium precursors,
110

 have stronger basicities than NHCs,
52,111

 and 

bestow good to excellent catalytic activities upon coordination to transition metals – in 

some case outperforming traditional NHCs.
112

  

Upon coordination to a transition metal, NHCs with bulky N-aryl substituents 

(e.g., 3.2 and 3.3 which feature N-mesityl and N-2,6-di-iso-propylphenyl groups, 

respectively) often result in complexes with superior stabilities due to protection provided 

by steric shielding about the metal center.
113

  Since ADCs generally exhibit larger N-C-N 

bond angles than their NHC analogues, additional steric protection may be expected upon 

complexation to an ADC possessing bulky N-aryl groups.  However, to the best of our 

knowledge, ADCs bearing N-aryl substituents have not been prepared to date. 

In 1961, Clemens and Emmons disclosed the synthesis of N,N′-diphenyl-N,N′-

dimethylformamidinium tetrafluoroborate via treatment of an orthoamide with 

tetrafluoroboric acid.
114

  Interestingly, subsequent treatment of this formamidinium salt 
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with sodium hydride was reported to provide the corresponding N,N-acetal rather than a 

free ADC, as determined via elemental analysis.  Hence, a primary objective of the study 

described herein was to re-examine the chemistry of N-aryl formamidinium salts to (1) 

determine if their respective ADCs can be synthesized using standard deprotonation 

protocols and (2) explore the potential of their respective ADCs to ligate transition 

metals. 

 

Figure 3.1 Representative NHC (top) and ADC (bottom) ligands. 

A secondary objective of this study was to probe the feasibility of controlling the 

conformational diversity of ADCs as well as their respective formamidinium salts and 

metal complexes via sterics.  As illustrated in Figure 3.2, the linear structure of these 

compounds may lead to multiple possible conformers (e.g., 3A – 3C) for systems 

possessing multiple, distinct N-substituents.
115

  Conformer 3A is analogous to common 

1,3-diaryl NHCs as the N-aryl substituents adopt a syn orientation relative to the 

complexed center.  Conformer 3B also features N-aryl substituents adopting a syn 

orientation, however they are now juxtaposed and opposite to the complexed center.  

Conformer 3C is essentially an intermediate of 3A and 3B and features anti N-aryl 

substituents in a diametrically-opposed orientation about the diaminocarbene linkage.  
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Since the ground state geometries exhibited by these compounds will depend on which 

conformation minimizes unfavorable steric interactions, we envisioned that the relative 

size of the N-aryl and N-alkyl groups may be varied to favor one conformer over another.  

Such ability may ultimately open new opportunities for fine tuning steric environments in 

organometallic complexes formed with ADCs and lead to new methods for controlling 

catalytic reactions.  Hence, we also explored the potential of controlling the ground state 

conformations exhibited by ADCs, as well as their respective formamidinium salts and 

transition metal complexes, through judicious N-substitution 

 

 

 

Figure 3.2 Three unique conformers of N,N′-diaryl-N,N′-dialkylformamidiniums (X = 
H), acyclic diaminocarbenes (X = lone pair), and organometallic complexes 
(X = transition metal).  R = alkyl group. 

SYNTHESIS 

The synthesis of a N,N′-diaryl ADC as well as its transition metal complexes is 

summarized in Figure 3.3.  Alkylation of N,N′-bis(2,6-di-iso-propylphenyl)formamidine 

(3.7) with two equivalents of methyl iodide in acetonitrile under mildly basic conditions 

afforded formamidinium iodide 3.8 in 90% isolated yield.  The N-methyl groups of 3.8 

appeared to be chemically inequivalent as two distinct singlets were found at δ = 3.59 and 
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2.69 ppm in its 
1
H NMR spectrum (DMSO-d6).  Similarly, methine proton signals 

attributed to the 2,6-di-iso-propylphenyl (DIPP) substituents appeared as two distinct 

septets centered at 3.00 and 2.80 ppm.
116

  These data suggested that 3.8 adopted an anti 

conformation analogous to 3C (Figure 3.2).  This was a surprising result as a 

conformation that maximized the distance between the bulky DIPP substituents (i.e., 

conformer 3A) was expected.
  

For example, the reported 
1
H NMR chemical shifts for 

N,N′-di-tert-butyl-N,N′-dimethylformamidinium triflate and N,N′-dicyclohexyl-N,N′-

diethyl-formamidinium triflate, which also feature two large and two small groups on 

each nitrogen atom, are consistent with these compounds adopting a conformation 

analogous to 3A.
110

 

 

 

Scheme 3.1  Synthesis of an N-aryl acyclic diaminocarbene and its Rh complexes. 
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Figure 3.3 ORTEP diagrams of formamidinium 3.8 (left) and Rh complex 3.10 (right).  
Displacement ellipsoids were drawn at 50% probability.  Hydrogen atoms, 
counterions, and solvent molecules have been omitted for clarity.  Selected 
bond distances (Å), angles (°), and torsions (°) for 3.8:  N1-C1, 1.319(4); 
N2-C1, 1.319(4); N2-C1-N1, 129.6(3); C26-N1-C1-N2, -179.5(3); C27-N2-
C1-N1, 0.6(5); C14-N2-C1-N1, -179.7(3); C2-N1-C1-N2, 1.7(5).  Selected 
bond distances (Å), angles (°), and torsions (°) for 3.10:  Rh1-C1, 2.086(8); 
Rh1-C6A, 2.100(9); Rh-C5A, 2.128(9); Rh1-C1A, 2.179(7); Rh1-C2A, 
2.187(8); Rh1-Cl1, 2.405(2); N1-C1, 1.341(8); N2-C1, 1.364(9); C1-Rh1-
Cl1, 88.7(2); N1-C1-N2, 119.5(6); C2-N1-C1-N2, -4.9(11); C16-N2-C1-N1, 
0.4(1); C15-N2-C1-N1, 175.6(6); C3-N1-C1-N2, 168.8(6). 

To obtain additional support for this structural assignment, a quality crystal was 

obtained by slow diffusion of diethyl ether into a saturated methylene chloride solution of 

3.8 and analyzed via X-ray crystallography.  The ORTEP diagram shown in Figure 3.3 

indicated that the solid-state structure of 3.8 was superficially similar to conformer 3C, 

featuring N-aryl substituents in an anti orientation.  The N-C-N bond angle (129.6°) and 

C–N bond distances (1.319 and 1.317 Å) of 3.8 were comparable with various 

tetraalkylformamidinium salts reported by Alder as precursors to ADCs.
110

  However, 

one distinguishable feature of 3.8 was its relatively narrow C–N–C–N dihedral angles of 

0.7 and 1.6°, indicative of nearly coplanar N-DIPP and methyl groups.  For comparison, 

the same dihedral angles in known
110

 formamidinium salts with bulky N-alkyl 

substituents range between 10.6 and 22.5°.  Close inspection of 3.8 provides an 

explanation for this difference:  the N-DIPP groups adopted conformations perpendicular 
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to the N–C–N plane which provided ample space for the juxtaposed N-methyl group and 

effectively relieved an otherwise sterically-congested 1,3-interaction (see below for 

additional discussion).  Furthermore, the 
1
H NMR signal attributed to this methyl group 

was found relatively upfield ( = 2.69 ppm) which suggested that it may be participating 

in a CH-π interaction
117

 with the arene face of the adjoining N-DIPP group. 

Treatment of formamidinium 3.8 with sodium hydride in a tetrahydrofuran 

solution heated to 70 °C afforded free ADC 3.9, which was isolated in 77% yield after 

the sodium iodide by-product was precipitated from benzene and removed by filtration.  

The diagnostic 
13

C NMR chemical shift of the carbene atom was found at δ = 248.9 ppm 

(C6D6), in accordance with other known
46c,109d

 ADCs (236.8 – 255.5 ppm).
118

  Similar to 

3.8, ADC 3.9 exhibited two distinct singlets at 3.54 and 2.34 ppm in its 
1
H NMR 

spectrum (C6D6) and two distinguishable multiplets centered at 3.42 ppm, attributed to 

diastereotopic methyl and methine protons, respectively.  Likewise, the relatively large 

upfield N-methyl signal was consistent with a CH-π interaction as observed in the 
1
H 

NMR spectrum of formamidinium 3.8.  Hence, ADC 3.9 also appeared to adopt a 

conformation analogous to 3C.   

To identify the structure of 3.9 and to probe for any conformational changes upon 

coordination to a transition metal, a Rh complex containing this ligand was synthesized.  

Addition of 3.9 to a toluene solution of [Rh(COD)Cl]2 (cod = 1,5-cis-cis-cyclooctadiene) 

afforded Rh complex 3.10 as a yellow solid in 76% isolated yield.  The complex was 

found to be soluble in methylene chloride, ethyl acetate, diethyl ether, and pentane and 

stable to air, moisture, and silica gel media used for chromatographic purification.  The 

1
H NMR spectrum (C6D6) of complex 3.10 suggested that the coordinated ADC ligand 

maintained its relatively desymmetrized conformation when bound to a transition metal 

as two singlets, attributable to the N-methyl groups, were observed at 4.59 and 2.49 ppm.  
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Additionally, four distinct DIPP methine protons were observed: two of the methine 

protons appeared as complex but distinguishable multiplets centered at 4.54 ppm while 

the remaining two exhibited distinct septets at 3.14 and 2.82 ppm. 

To determine the structure of complex 3.10, X-ray quality crystals were grown by 

slow diffusion of pentane into a saturated methylene chloride solution.  As shown in 

Figure 3.3, the ORTEP diagram of Rh complex 3.10 revealed that the N-aryl groups on 

the ADC ligand adopted an anti conformation about the diaminocarbene linkage, 

consistent with the solution assignments of both free ADC 3.9 and formamidinium 3.8.  

As a result of the complex’s apparent C1 symmetry, the N-DIPP and N-methyl 

substituents were positioned in unique chemical environments which corroborated the 

aforementioned NMR spectroscopic data.  Relative to formamidinium salt 3.8, Rh 

complex 3.10 exhibited a contracted N-C-N angle (119.5°) and longer N-C bond 

distances (1.341 and 1.364 Å) which may reflect increased steric interactions between the 

N-substituents and the complexed transition metal.  Comparison of tetra-iso-

propylformamidinium triflate with [(3.4)Rh(COD)Cl] (3.11, structure not shown) 

revealed similar structural changes.
111c

  However, the Rh–Ccarbene bond distance observed 

in 3.10 (2.086 Å) was slightly longer than the analogous bond in 3.11 (2.041 Å).  To 

compensate for the diminished ADC-metal interaction, relatively short trans Rh–Ccod 

bond distances were observed (compare: 3.10:  2.187 and 2.178 Å vs. 3.11: 2.203 and 

2.247 Å). 

The complexed carbene atom in Rh complex 3.10 displayed a chemical shift at  

= 211.6 ppm (JC-Rh = 45.6 Hz) in its 
13

C NMR spectrum (CDCl3).  This large downfield 

shift has been attributed to strong σ-donating abilities coupled with limited π-

backbonding capabilities inherent to ADCs.
111c

  To determine the relative electron 

donating ability of ADC 3.10, Rh carbonyl complex 3.12 was synthesized as shown in 
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Scheme 3.1 and compared with (3.4)RhCl(CO)2 (3.13, structure not shown), an 

analogous complex containing bis(di-iso-propylamino)carbene.  IR spectroscopy (KBr) 

revealed that the carbonyl stretching frequencies exhibited by 3.12 (νCO = 2068 and 1984 

cm
-1

) were higher than 13 (2056 and 1984 cm
-1

),
111c

 suggesting that ADC 3.10 was 

relatively less basic than a tetraalkyl analogue.
 

The aforementioned results indicated that formamidinium 3.8, ADC 3.9 and Rh 

complex 3.10 favor a conformation that places the N-DIPP substituents in an anti 

orientation (i.e., 3C).  Analysis of the three possible conformers shown in Figure 3.2 in 

terms of 1,3-allylic strain
119

 (or A
1,3

 strain) provided a rationale for this preference.  

Adoption of conformers analogous to 3A or 3B by 3.8 – 3.10 necessitates relatively high 

energy 1,3-dimethyl or 1,3-di-DIPP interactions, respectively.  In contrast, the rotated N-

DIPP groups in conformer 4C opens space for the juxtaposed N-methyl group which 

effectively minimizes unfavorable 1,3-interactions in this orientation.  The crystal 

structures of 3.8 and 3.10 support this hypothesis as N-methyl groups were found inserted 

into pockets created by the di-iso-propyl groups on the N-aryl substituents.  Furthermore, 

as noted above, development of CH-π interactions between N-methyl and adjoining N-

DIPP groups may additionally bias adoption of conformer 3C in 3.8 – 3.10.   

With these concepts in mind, subsequent efforts were focused on evaluating the 

potential of obtaining N,N′-diarylformamidiniums that adopt a conformation analogous to 

either 3A or 3B by changing the size of the N-substituents.  As shown in Eq. 1, treatment 

of N,N′-dimesitylformamidine (3.14) with two equivalents of p-nitrobenzyl bromide
120

 in 

acetonitrile under mildly basic conditions afforded formamidinium bromide 3.15 in 73% 

isolated yield.
121

  This salt exhibited a single resonance attributed to its methylene groups 

at 5.45 ppm in its 
1
H NMR spectrum (CDCl3), which was consistent with symmetric 

conformations analogous to 3A and 3B.  Compound 3.15 was tentatively assigned the 
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latter after signals attributed to the aryl protons on the N-mesityl groups were found 

relatively upfield (6.43 ppm, CDCl3), indicative of a π-π interaction. 

 

 

Scheme 3.2 Synthesis of formamidinium salt 3.15. 

C1

N2N1

C25C9

C2 C18

 
 

Figure 3.4 ORTEP diagram of formamidinium 3.15.  Displacement ellipsoids were 
scaled to the 50% probability level.  Hydrogen atoms, counterions, and 
solvent molecules have been omitted for clarity.  Selected bond distances 
(Å), angles (°), and torsions (°): N1-C1, 1.321(3); N2-C1, 1.321(3); N1-C1-
N2, 129.7(2); C9-N1-C1-N2, -13.2(4); C25-N2-C1-N1, -11.8(4); C18-N2-
C1-N1, -178.6(2), C2-N1-C1-N2, 177.0(2). 

To ascertain the structure of 3.15, a quality crystal suitable for X-ray analysis was 

obtained by slow evaporation of a saturated tetrahydrofuran solution.  The ORTEP 

diagram shown in Figure 3.4 revealed that this compound adopted a conformation 

analogous to 3B, where the N-aryl groups were juxtaposed in a syn orientation.  The N–

C–N bond angle (129.7°), C–N bond distancess (1.321 Å), and absolute C–N–C–N 

dihedral angles (13.2 and 11.8°) were consistent with known
110

 tetrasubstituted 
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formamidinium salts.  Furthermore, the distance between the centroids of the mesityl 

groups was found to be 3.531 Å, in accord with a favorable π-π interaction.  Considering 

the conformation of formamidinium 3.8 did not change upon deprotonation (to obtain 

ADC 3.9) or upon coordination to a transition metal (i.e., Rh complex 3.10), we predicted 

formamidinium 3.15 will also maintain its conformation upon derivatization.  

Unfortunately, the acidity of the benzylic protons precluded successful deprotonation of 

3.15 to obtain its respective ADC. However, by careful selection of the N-substituents, 

related derivatives may potentially circumvent this limitation. Preparation of such 

compounds and their respective metal complexes is currently underway.  

 

CONCLUSIONS 

In conclusion, the first N-aryl acyclic diaminocarbene (ADC), N,N′-bis(2,6-di-iso-

propylphenyl)-N,N′-dimethyldiaminocarbene (3.9), has been synthesized from its 

respective formamidinium precursor.  This ADC was found to coordinate to Rh(I), 

facilitating the synthesis of two new organometallic complexes containing this ligand.  In 

each of these compounds, the N-aryl groups were found to adopt a distally-opposed, anti 

orientation about the diaminocarbene linkage.  In contrast, the N-aryl groups in N,N′-

dimesityl-N,N′-di(p-nitrobenzyl)formamidinium bromide (3.15) were found to adopt a 

juxtaposed, syn orientation.  Collectively, these results indicate that the ground state 

conformations of N,N′-diaryl-N,N′-dialkylformamidine-based systems can be judiciously 

controlled through sterics.  Efforts toward developing catalytically-active organometallic 

complexes containing conformationally-tunable ADC ligands are in progress and will be 

reported in due course. 
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EXPERIMENTAL 

General Considerations:  THF was distilled from CaH2 under an atmosphere of nitrogen 

prior to use.  Benzene was distilled from sodium and benzophenone under nitrogen and 

then degassed by performing three consecutive freeze-pump-thaw cycles.  [Rh(COD)Cl]2 

was purchased from Strem Chemicals and used without further purification.  p-

Nitrobenzylbromide was purchased from Alfa Aesar and stored at -20 °C prior to use.  

All other chemicals were purchased from Aldrich or Alfa Aesar and used without further 

purification.  N,N′-Bis(2,6-di-iso-propyl-phenyl)formamidine (3.7) and N,N′-

dimesitylformamidine (3.14) were synthesized according to literature procedures.
122 

 
1
H 

NMR spectra were recorded using a Varian Unity Plus 300 or 400 MHz spectrometer.  

Chemical shifts are reported in delta (δ) units, expressed in parts per million (ppm) 

downfield from tetramethylsilane using the residual protio solvent as an internal standard 

(CDCl3, 7.24 ppm; C6D6, 7.15 ppm; DMSO-d6, 2.50 ppm).  Coupling constants are 

expressed in Hertz (Hz). 
13

C NMR spectra were recorded using a Varian Gemini 300 

MHz spectrometer.  Chemical shifts are reported in delta (δ) units, expressed in parts per 

million (ppm) downfield from tetramethylsilane using the solvent as an internal standard 

(CDCl3, 77.0 ppm; C6D6, 128.0 ppm; DMSO-d6, 39.5 ppm).
  13

C NMR spectra were 

routinely run with broadband decoupling.  IR spectra were recorded using a Perkin-Elmer 

Spectrum BX FT-IR system.  High-resolution mass spectra (HRMS) were obtained with 

a VG analytical ZAB2-E or a Karatos MS9 instrument and are reported as m/z (relative 

intensity).   

 

Crystallography: Data were collected on a Nonius Kappa CCD diffractometer using a 

graphite monochromator with MoKα radiation (λ = 0.71073 Å) at 153 K using an Oxford 

Cryostream low temperature device. Data reduction were performed using DENZO-
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SMN.
71

 The structures were solved by direct methods using SIR97
72

 and refined by full-

matrix least-squares on F
2
 with anisotropic displacement parameters for the non-H atoms 

using SHELXL-97.
73

 The hydrogen atoms were calculated in idealized positions. Neutral 

atom scattering factors and values used to calculate the linear absorption coefficient are 

from the International Tables for X-ray Crystallography (1992).
74

 Further 

crystallographic details may be found in the respective CIF files, which were deposited at 

the CCDC, (3.8 (CCDC 653951), 3.10 (CCDC 653949), and 3.15 (CCDC 653950)), 12 

Union Road, Cambridge CB2 1EZ, UK. 

 

 N,N′-Bis(2,6-di-iso-propylphenyl)-N,N′-dimethylformamidinium 

iodide (3.8).  N,N′-Bis(2,6-di-iso-propylphenyl)formamidine (262 

mg, 0.719 mmol) was dissolved in acetonitrile (8 mL) in a 20 mL 

vial.  After sodium bicarbonate (67 mg, 0.798 mmol), methyl iodide (253 mg, 1.78 

mmol), and a stir bar were added, the vial was sealed with a Teflon lined cap.  The 

reaction mixture was then stirred at 110 °C for 8 h.  After cooling to ambient temperature, 

the solution was filtered through Celite and then concentrated under reduced pressure.  

The resulting light yellow powder was then triturated with diethyl ether.  After collection 

by filtration, the product was dried under reduced pressure to afford the desired 

compound as a fine pale yellow powder (338 mg, 90% yield).  Crystals suitable for X-ray 

analysis were obtained by vapor diffusion of diethyl ether into a saturated methylene 

chloride solution of 3.8.  
1
H NMR (300 MHz, DMSO-d6): δ 8.92 (s, 1H), 7.62 (m, 1H), 

7.52 (m, 3H), 7.42 (m, 2H), 3.59 (s, 3H), 3.00 (m, 2H), 2.80 (m, 2H), 2.69 (s, 3H), 1.39 

(d, 6H, J=6.7), 1.32 (m, 12H), 1.23 (d, 6H, J=6.7).  
13

C NMR (75 MHz, DMSO-d6): δ 

156.04, 144.33, 143.92, 139.88, 133.17, 131.49, 130.57, 125.38, 125.03, 47.74, 28.32, 
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28.14, 25.34, 23.96, 23.49, 22.61.  Td 202 °C. HRMS: [M
+
] calcd for C27H41N2: 

393.3270; found: 393.3273. 

 

 N,N′-Bis(2,6-di-iso-propylphenyl)-N,N′-dimethyldiaminocarbene 

(3.9).  In a nitrogen-filled glovebox, a high pressure vial was charged with 

3.8 (445 mg, 0.85 mmol), sodium hydride (95%, 41 mg, 1.71 mmol), 

potassium tert-butoxide (9.5 mg, 0.09 mmol), and a stir bar.  After dry THF (15 mL) was 

added, the vial was sealed, removed from the glovebox, and stirred at 70 °C for 16 h.  

After cooling to ambient temperature, the crude reaction mixture was brought back into a 

nitrogen-filled glovebox then concentrated under reduced pressure.  The resulting pale 

yellow solid was re-dissolved in toluene and passed through a 0.2 μm PTFE filter under 

an atmosphere of nitrogen.  The resulting yellow solution was concentrated to afford the 

desired compound as a yellow solid (255.4 mg, 77% yield).  
1
H NMR (400 MHz, 

benzene-d6): δ 7.21 (m, 1H),  7.10 (m, 3H), 6.99 (d, 4H, J=7.4), 3.54 (s, 3H), 3.42 (m, 

4H), 2.34 (s, 3H), 1.40 (d, 6H, J=6.9), 1.29 (d, 6H, J=6.9), 1.22 (m, 12H).  
13

C NMR (75 

MHz, benzene-d6): δ 248.87, 148.310, 145.00, 144.42, 144.28, 126.70, 123.73, 51.29, 

37.62, 28.79, 28.05, 25.55, 23.98, 23.56, 23.02.  HRMS: [M + H
+
] calcd for C27H41N2: 

393.3270; found: 393.3273. 

 

[(3.9)Ir(COD)Cl] (3.10).  In a nitrogen-filled glovebox, free carbene 

3.9 (255.4 mg, 0.6505 mmol) was dissolved in dry toluene (15 mL).  

The carbene solution was then added to a flask containing 

[Rh(COD)Cl]2 (150 mg, 0.30 mmol) and a stir bar.  The combined reaction mixture was 

then stirred at ambient temperature for 16 h.  Removal of solvent under reduced pressure 

afforded a yellow solid which was then purified by column chromatography (media: 
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silica gel; eluent: hexanes followed by 10:1 hexanes:ethyl acetate) to yield the desired 

compound as a bright yellow solid (318 mg, 76% yield).  Crystals suitable for X-ray 

analysis were obtained by vapor diffusion of pentane into a saturated methylene chloride 

solution of the complex.  
1
H NMR (300 MHz, benzene-d6): δ 7.35 (d, 1H, J=6.4), 7.22 (t, 

1H, J=7.8), 7.07 (t, 1H, J=7.7), 6.97 (d, 2H, J=6.1), 6.86 (d, 1H, J=6.1), 5.06 (m, 2H), 

4.59 (s, 3H), 4.54 (m, 2H), 3.79 (b, 1H), 3.14 (m, 1H), 2.82 (m, 1H), 2.73 (b, 1H), 2.49 

(s, 3H), 2.42 (m, 1H), 1.96 (m, 3H), 1.84 (d, 3H, J=6.4), 1.78 (m, 2H), 1.39 (d, 3H, 

J=6.7), 1.35 (d, 3H, J=6.9), 1.29 (m, 2H), 1.25 (d, 3H, J=6.7), 1.18 (d, 3H, J=6.9), 1.12 

(d, 3H, J=4.6), 1.10 (d, 3H, J=4.9), 0.86 (d, 3H, J=6.7).  
13

C NMR (100 MHz, CDCl3): δ 

211.65 (d, J=45.6), 147.30, 147.00, 145.77, 144.16, 143.98, 143.64, 128.70, 128.32, 

124.72, 123.32, 123.18, 95.23 (d, J=6.7), 93.41 (d, J=7.5), 68.74 (d, J=15.7), 65.87 (d, 

J=14.2), 52.19, 45.28, 45.27, 35.80, 30.24, 28.76, 28.53, 28.25, 27.12, 26.88, 26.72, 

26.04, 26.00, 25.82, 23.74, 22.78, 22.72, 22.56. Td 233 °C. HRMS: [M
+
] calcd for 

C35H52N2ClRh: 638.2874; found: 638.2872. 

 

[(3.9)Ir(CO)2Cl] (3.12).  Rhodium complex 3.10 (39.5 mg, 0.0616 

mmol) was dissolved in CDCl3 (2 mL) in a 10 mL round bottom 

flask.  The flask was equipped with a stir bar and then fitted with a 

rubber septum vented by a needle.  The reaction was placed into a Parr pressure vessel 

and charged with carbon monoxide (100 PSI).  The mixture was then stirred at room 

temperature for 1 h.  The resulting yellow solution was concentrated under reduced 

pressure to give a dark yellow oil.  The oil was then re-dissolved and concentrated from 

hexanes three times to aid in the removal of the liberated cis,cis-1,5-cyclooctadiene, 

which afforded the desired compound as a yellow solid (34.7 mg,  96% yield).  
1
H NMR  

(300 MHz, benzene-d6): δ 7.18 (m, 2H), 7.05 (m, 2H), 6.87 (m, 2H), 4.20 (m, 1H), 3.90 
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(s, 3H), 3.79 (m, 1H), 3.17 (m, 2H), 2.46 (s, 3H), 1.73 (d, 3H, J=6.4), 1.48 (d, 3H, J=6.7), 

1.30 (d, 3H, J=6.9), 1.24 (d, 3H), 1.20 (d, 3H, J=6.9), 1.05 (d, 3H, J=6.9), 0.99 (d, 3H, 

J=6.7), 0.92 (d, 3H, J=6.7).  
13

C NMR  (100 MHz, benzene-d6): δ 204.85 (d, J=39.6), 

187.28 (d, J=53.8), 184.60 (d, J=76.3), 146.85, 146.83, 145.58, 144.49, 144.08, 142.71, 

129.54, 129.50, 125.14, 124.77, 124.06, 123.74, 52.89, 44.64, 29.30, 29.00, 28.57, 27.58, 

27.30, 26.93, 26.14, 25.55, 24.16, 22.94, 22.75, 22.57.  Td 203 °C. HRMS: [M
+
] calcd for 

C29H40ClN2O2Rh: 586.1833; found: 586.1838.  IR (CH2Cl2): 2068, 1984 cm
-1

. 

 

N,N′-Dimesityl-N,N′-di(p-nitrobenzyl)formamidinium 

bromide (3.15).  A 20 mL vial was charged with N,N′-

dimesitylformamidine (166 mg, 0.590 mmol), acetonitrile (8 

mL), and a stir bar.  Afterward, p-nitrobenzyl bromide (255 mg, 

1.18 mmol) and sodium bicarbonate (49.7 mg, 0.592 mmol) were then added.  The vial 

was sealed with a Teflon lined cap and the resulting reaction mixture was heated at 110 

°C for 48 h with stirring.  After cooling to ambient temperature, the solution was filtered 

through Celite and then concentrated under reduced pressure.  The resulting viscous 

brown oil was then triturated with diethyl ether.  After collection by filtration, the product 

was dried under reduced pressure to give the desired compound as a white 

microcrystalline powder (271 mg, 73% yield).  Crystals suitable for X-ray analysis were 

obtained by slow evaporation of a saturated THF solution of 3.15.  
1
H NMR (400 MHz, 

CDCl3): δ 11.63 (s, 1H), 8.10 (d, 4H, J=8.7), 7.66 (d, 4H, J=8.7), 6.43 (s, 4H), 5.45 (s, 

4H), 2.07 (s, 6H), 1.63 (s, 12H).  
13

C NMR (75 MHz, CDCl3): δ 158.92, 148.44, 139.59, 

139.51, 134.02, 132.08, 131.44, 129.36, 123.87, 60.78, 20.65, 19.21.  Td, 216 ºC. HRMS: 

[M – H
+
] calcd for C33H35N4O4Br: 629.1763; found: 629.1763. 
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Chapter 4:  ADC Ligands in Ru Metathesis Catalysts
90

 

INTRODUCTION 

Olefin metathesis
77a,79

 has become an indispensible tool for synthesizing small 

molecules
123

 as well as macromolecular materials.
124

  Although a variety of catalysts for 

facilitating this useful transformation are known,
125

 those based on late transition metals, 

particularly ruthenium, often show the highest stabilities toward oxygen, moisture, and a 

broad range of functional groups.
80

  As a bonus, many of these same catalysts also 

display high activities and react with a broad range of substrates.
82

  Representative 

examples of commercially available Ru-based catalysts which have found widespread 

utility in a variety of olefin metathesis reactions are shown in Figure 4.1 (i.e., 4.1 – 4.3). 

 

 

Figure 4.1 Representative examples of commercially-available Ru-based catalysts (4.1 – 
4.3) and selected examples of Ru catalysts containing unsymmetrical NHC 
ligands (4.4 – 4.5).  Cy = cyclohexyl, Mes = 2,4,6-trimethylphenyl, DIPP = 
2,6-di-iso-propylphenyl.   
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Realization of the next generation of catalysts which effectively hurdle 

contemporary challenges, such as those which are able to react with sterically-hindered 

olefins and/or provide products with high stereo- or enantioselectivities, hinge on the 

development of new ligands.
126

  Although a broad range of ligands for metathesis-active 

Ru-based catalysts have been studied, N-heterocyclic carbenes (NHCs)
28–32

 are among 

the most promising.
127

  Widely accepted to be stronger electron donors than typical 

phosphines,
128

 NHCs often enhance the activities of Ru-based catalysts upon 

coordination.
129

  In addition to exhibiting favorable electronic properties, the steric 

properties of NHCs can be modified by varying the nature of their N-substituents using 

straightforward methods.
130

  Indeed, efforts toward controlling the stereochemical 

outcomes of olefin metathesis reactions catalyzed by complexes which contain 

unsymmetrical NHCs have been reported.
126,131

  For example, catalysts 4.4 and 4.5, were 

investigated for their abilities to afford cross metathesis products with different E:Z ratios 

than catalysts containing symmetric NHC ligands, many of which had varying degrees of 

success. While a Ru-based olefin metathesis catalyst that is universally applicable and 

provides only cis products has yet to be developed,
132

 the use of unsymmetrical NHCs as 

ligands remains a viable approach. 

An emerging class of ligands that may also facilitate the realization of new classes 

of Ru-based olefin metathesis catalysts with enhanced activities or stereoselectivities is 

acyclic diaminocarbenes (ADCs).
46,109

  Compared to NHCs, ADCs typically possess 

wider N–C–N bond angles, are stronger -donors, and can be generated in a 

straightforward manner via deprotonation of readily-accessible formamidinium salts.  

Although a broad range of metal complexes containing ADCs are known, there are 

relatively few reported examples which are catalytically-active.
112,133

  In addition to their 

unique electronic and steric properties, another remarkable aspect of ADCs is their 
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structure.  Enabled by free rotation about their C-N bonds, ADCs are capable of adopting 

multiple, unique conformations if their N-substituents are differentially-substituted.  For 

example, we reported that the conformations adopted by unsymmetrical N-aryl ADCs as 

well as their parent formamidinium salts and derivative metal complexes may be 

controlled by steric tuning of the N-substituents.
46

 

Motivated by the inherent features of ADCs, particularly those that are 

differentially-substituted, we envisioned these ligands enhancing the activities and/or 

selectivities of Ru-based olefin metathesis catalysts which contain them.  With these 

goals in mind, we herein describe the synthesis of the first examples of olefin metathesis 

catalysts which contain ADCs and give a preliminary account of their catalytic 

properties.
89

 

SYNTHESIS OF ADC-RU METATHESIS CATALYSTS 

Since NHCs with bulky N-aryl substituents often result in complexes with 

superior stabilities due to protection provided by steric shielding about the metal 

center,
113

 efforts were focused on coordinating ADCs 4.6 and 4.7 (Figure 4.2), which 

feature N-DIPP and N-Mes substituents, respectively, to various Ru alkylidenes (DIPP = 

2,6-di-iso-propylphenyl; Mes = 1,3,5-trimethylbenzene).  The respective conjugate acids 

of these ADCs, formamidinium iodides [4.6H][I] and [4.7H][I], were synthesized by 

independently treating acetonitrile solutions of N,N′-bis(2,6-di-iso-

propylphenyl)formamidine or N,N′-dimesitylformamidine with excess iodomethane in 69 

and 88% yields, respectively.  We previously determined that [4.6H][I] adopts a pseudo 

trans conformation in solution as well as in the solid-state; [4.7H][I] appears to follow 

suit.  Two inequivalent signals attributed to the N-methyl groups were observed in the 
1
H 

NMR spectrum of [4.7H][I] at  = 3.50 and 2.64 ppm (DMSO-d6), chemical shifts that 

were nearly identical to those exhibited by [4.6H][I] ( = 3.59 and 2.69 ppm in the same 
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solvent).  Additionally, two distinct singlets were observed for the N-aryl protons of the 

mesityl groups at  = 7.14 and 7.07 ppm.  The solid state structure of [4.7H][I] (not 

shown) was consistent with the solution state assessment, and the key bond distances and 

angles exhibited by [4.7H][I] were similar to those observed in the solid state structure of 

[4.6H][I]. 

 

 

Figure 4.2 Structures of two acyclic diaminocarbenes (ADCs) studied as ligands for Ru 
alkylidenes.  The conformations shown are consistent with their solution 
state structures at ambient temperature.   

With the aforementioned formaminidinum salts in hand, efforts shifted toward 

synthesizing Ru alkylidenes which contained the respective ADCs as ligands.  Initial 

attempts to synthesize (ADC)(PCy3)Cl2Ru=CHPh type complexes by treating 

independent benzene solutions of [4.6H][I] or [4.7H][I] with NaHMDS (to generate their 

respective ADCs in-situ) followed by the addition of (PCy3)2Cl2Ru=CHPh were 

promising.  In addition to the observation of free PCy3, new diagnostic signals were 

observed in the NMR spectra of the crude product mixtures and tentatively assigned to 

(4.6)(PCy3)Cl2Ru=CHPh (
1
H: 19.20 and 

31
P: 31.90 ppm, CDCl3) and 

(4.7)(PCy3)Cl2Ru=CHPh (
1
H: 18.91 and 

31
P: 32.26 ppm, CDCl3), respectively.  

Unfortunately, pure materials could not be isolated from analogous preparation-scale 

reactions in reasonable quantities, despite numerous attempts using various methods and 

conditions, including: chromatographic methods (using silica or alumina with 
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hexanes/ethyl acetate, hexanes/ether, hexanes/CH2Cl2, etc.), precipitations, and 

triturations. 

We reasoned that the apparent instability of the aforementioned 

(ADC)(PCy3)Cl2Ru=CHPh type complexes could be related to the lability of the 

phosphine ligand trans to the ADC.  As such, efforts shifted toward preparing mixed 

NHC-ADC Ru complexes since analogous bis(NHC)-type Ru complexes are known to be 

highly stable.  Gratifyingly, addition of (SIMes)(pyridine)2Cl2Ru=CHPh
134

 (SIMes = 1,3-

dimesitylimidazolin-2-ylidene) to a solution of the ADC (generated in-situ via 

deprotonation of [4.6H][I] or [4.7H][I] with NaHMDS) afforded the desired complexes, 

4.8a and 4.8b, in 35 and 66% isolated yields, respectively, after purification by column 

chromatography.  The characteristic benzylidene signals in these complexes were 

observed at δ = 18.59 and 19.16 ppm (CDCl3) in their respective 
1
H NMR spectra.  To 

elucidate the solution structures adopted by complexes 4.8a and 4.8b in their ground 

states, a series of NOESY experiments were performed in CDCl3.  Irradiation of the 

benzylidene proton at  = 18.60 ppm (CDCl3) in 4.8a lead to enhancement of signals 

which were attributed to both N-DIPP and N-Mes substituents present in this complex.  

This result suggested to us that the benzylidene moiety was oriented between these two 

aromatic systems.  Irradiation of the N-methyl signal at  = 3.62 ppm in 4.8a lead to 

enhancement of two singlets at 6.87 and 6.82 ppm, which were assigned to the N-

mesityl’s aryl protons.  Collectively, these spectroscopic results were consistent with the 

ADC ligand in 4.8a adopting an anti conformation, which was similar to the structure of 

its respective free ADC and [4.6H][I].
46a
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Figure 4.3 Structures of Ru alkylidenes containing ADC ligands. 

Different spectroscopic results were obtained with 4.8b.  When the benzylidene 

signal (found at  = 19.16 ppm; CDCl3) was irradiated, a positive enhancement to a 

signal found at  = 2.22 ppm was observed, suggesting the presence of a juxtaposed N-

methyl group.  This interaction was confirmed after irradiating that same group ( = 2.22 

ppm) which, in addition to enhancing the signal attributed to the benzylidene moiety, also 

enhanced the signals found at  = 2.00 and 1.62 ppm.  These latter chemical shifts were 

assigned to the 2,6-dimethyl groups on the N-mesityl substituent connected to same 

nitrogen atom as the N-methyl group under interrogation.  Irradiation of the signal at  = 

3.10 ppm, which was attributed to the other N-methyl substituent, lead to enhancement of 
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the aromatic N-mesityl protons found at  = 6.90 ppm as well as two singlets at 2.08 and 

1.86 ppm.  This interaction was attributed to a NOE contact with a mesityl group on the 

SIMes fragment.  Collectively, these results were consistent with the ADC ligand in 4.8b 

adopting a syn conformation where both N-methyl substituents were orientated toward 

the Ru center.  This geometry differs from its respective free ADC
135

 and formamidinium 

salt, and indicated that 4.7 underwent a C-N bond rotation either prior to or after 

metallation.
136

 

Additional support for the unique conformation adopted by the ADC ligand in 

4.8b was obtained using X-ray crystallography.  X-ray quality crystals were obtained by 

vapor diffusion of hexanes into a benzene solution saturated with this complex.
137

  The 

ORTEP diagram shown in Figure 4.4 revealed that the ADC ligand in 4.8b adopted a syn 

conformation in the solid state, a result that was consistent with the aforementioned 

assessment of its solution state structure.  Close inspection of the crystal data revealed 

that the distance between the adjoining
138

 arene rings of the N-mesityl substituents in the 

ADC (3.58 Å) was in accord with a favorable π-π interaction,
139

 which may facilitate 

formation of the unusual conformation observed.  Regardless, the ADC ligand possessed 

a relatively wide N–C–N angle (118.7(3)°) which may impose more steric constraint on 

the Ru center than may be otherwise expected and explain why the observed CNHC–Ru–

CADC bond angle (C1–Ru–C2: 160.1(1)°) in 4.8b was significantly more acute than the 

analogous angles observed in other reported bis(NHC) Ru complexes (162.0(2) – 

171.2(1)°).
140,141

  The other structural metrics of 4.8b were relatively similar to those 

found in reported bis(NHC) Ru complexes.  For example, the Ru–Cbenzylidene bond 

distance (Ru–C5, 1.840(3) Å) was within the range of analogous bond distances reported 

for related bis(NHC) Ru complexes (1.818(4) – 1.835(2) Å).
131

  Likewise, the Ru–CNHC 
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bond distance (Ru–C2, 2.132(3) Å) in 4.8b was only slightly longer than analogous 

distances observed in a range of other bis(NHC) Ru complexes (2.115(3) – 2.122(3) Å).   

 

 

Figure 4.4 ORTEP diagram of (4.7)(SIMes)Cl2Ru=CHPh (4.8b) showing 50% 
probability ellipsoids. H atoms and solvent molecules have been removed 
for clarity. Selected bond distances (Å) and angles (°): Ru–C1, 2.112(3); 
Ru–C2, 2.132(3); Ru–C5, 1.840(3); N1–C1, 1.356(3); N2–C1, 1.356(4); 
N3–C2, 1.360(4); N4–C2, 1.343(3); N1–C1–Ru, 110.6(2); N2–C1–Ru, 
130.6(2); N3–C2–Ru, 125.4(2); N4–C2–Ru, 128.3(2); C1–Ru–C5, 104.0(1); 
C2–Ru–C5, 95.7(1); C1–Ru–C2, 160.1(1); Cl1–Ru–Cl2, 170.76; N1–C1–
N2, 118.7(3); N3–C2–N4, 106.3(2). 

With applications in catalysis in mind, efforts were directed toward determining 

whether the ADC or the NHC ligand in 4.8a and 4.8b was more likely to dissociate.  It 

has been previously reported that the addition of excess PCy3 to bis (NHC)2Cl2Ru=CHPh 

type complexes can be used to determine ligand lability.
131c

  Heating a mixture of either 

4.8a or 4.8b (20 mg in 0.8 mL C6D6) in the presence of a ten-fold molar excess of PCy3 

at 100 °C (sealed tube) resulted in a dramatic color change from green to red and resulted 

in the formation of (SIMes)(PCy3)Cl2Ru=CHPh (4.2).  
1
H and 

31
P NMR analysis of the 
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crude reaction mixture showed the formation of new signals at  = 19.60 and 30.54 ppm 

and  = 19.62 and 30.54 ppm for the reaction involving 4.8a and 4.8b, respectively.  

These signals were nearly identical to those observed in C6D6 solutions of 4.2 ( = 19.63 

and 30.53 ppm).  While the exchange reaction between 4.8a and PCy3 was complete 

within 2 h, the analogous reaction with 4.8b took nearly 8 h.  The rate difference may be 

related to the increased sterics associated with 4.6 compared to 4.7, facilitating 

dissociation of the former.  Regardless, these results suggested to us that the ADC ligands 

in 4.8a and 4.8b were dissociating from their respective metal centers in preference to 

SIMes, which may be due to the increased steric bulk of the former.  As such, the 

catalytically-active species generated from these catalysts would be effectively the same 

as those generated from commercially-available catalysts 4.2 or 4.3. 

Although the catalytic activities of 4.8a and 4.8b were still investigated (see 

below), efforts were also directed efforts toward the synthesis of ADC-containing 

derivatives with more labile ligands.  In particular, efforts focused on synthesizing 

Hoveyda-Grubbs type catalysts, which contain a weakly bound aryl ether trans to either 

an NHC or phosphine.
142

  (ADC)(PCy3)Cl2Ru=CH(2-iso-propoxy)Ph complexes, 4.9a 

and 4.9b, were synthesized via treatment of (PCy3)Cl2Ru=CH(2-iso-propoxy)Ph with 4.6 

or 4.7 (generated in-situ from their respective formamidinium salts), respectively.  As 

observed with 4.8a and 4.8b, complexes 4.9a and 4.9b were stable toward column 

chromatography, which facilitated their isolation.  Based on a series of NOESY 

measurements, the ADCs in these complexes were determined to adopt anti 

conformations in which one N-aryl ring was juxtaposed with the benzylidene moieties.  

This assessment was confirmed by analyzing single crystals of the aforementioned 

complexes using X-ray diffraction (see Figure 4.5).  Compared to NHC analogues 

4.4,
131a,b

 the N–C–N bond angles observed in the solid state structures of 4.9 were 
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significantly more obtuse (119.4(2) – 119.6(2)° versus 107.2(5) – 107.6(3)°).  These 

relatively large angles may impose additional steric constraints on the ligated metal 

centers
143

 and explain why the 
1
H NMR signals attributed to the benzylidene moieties of 

these complexes ( = 15.94 and 15.92 ppm, respectively; CDCl3) were upfield compared 

to those observed in 4.4 ( = 16.13 – 16.22 ppm).
131a,b

  In addition, the Ru–O bond 

distances in 4.9 were longer than analogous distances found in the crystal structures of 

4.4 (2.307(1) – 2.333(2) Å versus 2.269(3) – 2.281(4) Å), which may reflect the 

relatively strong electron donicities of the ADCs as compared to NHCs. 

 

 

Figure 4.5 (left) ORTEP diagram of 4.9a showing ellipsoids at 50% probability.  H 
atoms have been removed for clarity.  Key bond distances (Å) and angles 
(°): Ru–C1, 2.015(2); Ru–C2, 1.834(2); Ru–O, 2.333(2); N1–C1, 1.359(3); 
N1–C2, 1.350(3); N1–C1–Ru, 110.4; N2–C1–Ru, 130.2(2); C1–Ru–C2, 
106.56(9); C1–Ru–O, 175.75(7); Cl1–Ru–Cl2, 155.70(2); N1–C1–N2, 
119.4(2).  (right) ORTEP diagram of 4.9b showing ellipsoids at 50% 
probability.  H atoms and solvent molecules have been removed for clarity.  
Key bond distances (Å) and angles (°): Ru–C1, 2.012(2); Ru–C2, 1.838(1); 
Ru–O, 2.307(1); N1–C1, 1.355(2); N1–C2, 1.481(3); N1–C1–Ru, 110.2(1); 
N2–C1–Ru, 130.1(1); C1–Ru–C2, 107.361(7); C1–Ru–O, 174.47(6); Cl1–
Ru–Cl2, 158.97(2); N1–C1–N2, 119.6(2).   
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After the synthesis and characterization of 4.8 and 4.9, a preliminary investigation 

of their catalytic activities was conducted.  Under standardized conditions,
97

 these 

complexes showed relatively low catalytic activities in ring-closing metathesis (RCM) 

reactions, compared to 4.1 and 4.2, at ambient temperature.  Although the highest activity 

in the RCM of diethyl diallyl malonate (DDM) was observed when 4.9b was used as the 

catalyst (kobs = 6  10
-6

 s
-1

), this rate was more than three orders of magnitude lower than 

the analogous reaction observed when 4.2 was used as the catalyst (kobs = 2.2  10
-3

 s
-1

) 

(conditions: [DDM]0 = 0.1 M, 1.0 mol% catalyst, CD2Cl2, 23 °C).  In accord with results 

observed in Ru complexes containing exceptionally bulky NHC ligands (e.g., 1-(1-

adamantyl)-3-mesityl-4,5-dihydroimidazol-2-ylidene), the relatively slow kinetics 

displayed by 4.8 and 4.9 may be due to the increased steric bulk of the ADCs interfering 

with olefin coordination or the catalysts’ mechanism.
144

 

However, significantly enhanced catalytic activities were observed at elevated 

temperatures.  For example, at 40 °C, conversions of DDM to its cyclic product were 

determined to be 89%, 100%, 100%, and 62% for 4.8a, 4.8b, 4.9a, and 4.9b, 

respectively, after 12 h (conditions: [DDM]0 = 0.1 M, 5.0 mol% catalyst, CD2Cl2).  More 

impressively, diethyl bis(2-methylallyl)malonate, a sterically-encumbered olefin, was 

quantitatively converted to its respective cyclic products in less than 1 h when the 

reactions were performed at 100 °C using catalysts 4.9a and 4.9b (conditions: [substrate]0 

= 0.1 M, 5.0 mol% catalyst, toluene-d8).  Under otherwise identical conditions, the 

analogous RCM reaction involving catalysts 4.8a or 4.8b required up to 12 h to reach 

similar conversions. 

Having established that 4.8 and 4.9 showed reasonable activities at elevated 

temperatures, subsequent efforts focused on determining if the unsymmetrical 

conformations adopted by their ADC ligands would affect the inherent E:Z selectivities 
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displayed by these complexes in various metathesis reactions. Emphasis was placed on 

catalysts 4.9a and 4.9b since it was determined from the aforementioned phosphine 

exchange that the ADC ligands in 4.8 likely dissociate in preference to the NHC ligands 

present.  

Catalysts 4.9a and 4.9b were studied in two representative cross metathesis (CM) 

reactions to allow comparison of their E:Z selectivity to the selectivity exhibited by the 

analogous NHC catalysts 4.4a and 4.4b. Under the conditions summarized in Eq. 4.1, 

4.9a and 4.9b afforded a 30% and 32% yield of 4.10 with E:Z ratios = 1.2:1 and 0.6:1, 

respectively, after 3 h.  For comparison, catalysts 4.4a and 4.4b, which contain NHCs 

analogous to the ADCs in 4.9a and 4.9b, were reported to afford the same product with 

higher E:Z ratios (E:Z = 2.8:1 and 1.8:1, respectively) at similar conversions (< 33%) and 

under similar conditions.
131b

  Analogous results were obtained when the CM of 4.11 with 

cis-1,4-diacetoxy-2-butene to afford 4.12 was explored (see Eq. 4.2).  As shown in Figure 

4.6, 4.9a afforded 4.12 in a nearly 1:1 ratio of its E and Z isomers to conversions that 

exceeded 75%.  For comparison, 4.4a also afforded 4.12, but with an E:Z ratio = 2.5:1 at 

similar conversions.  Although 4.9b yielded the same product in a mixture of its isomers 

that was comparable to that obtained with 4.3, the E:Z ratio of 4.12 obtained at 80% 

conversion (ca. 4:1) was lower than that reported
131a

 for 4.4b (E:Z = 6:1) under otherwise 

identical conditions.
145
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Figure 4.6 E:Z ratio of 4.9 versus conversion of 4.11 to 4.12 using 4.3 (), 4.4a (), 4.9a 
(), and 4.9b () as catalysts.  Conditions are shown in Eq. 4.2.  The 
reaction using 4.9a was performed at 60 °C; all other reactions were run at 
23 °C.  Ratios and conversions were determined by gas chromatography. 

While the origin of the selectivities observed in the reactions described above is 

presumed to be due to the increased sterics of the ADC-containing catalysts as compared 

to their NHC analogues, it may also be related to a reduced ability of the former to 

facilitate olefin isomerization and other secondary metatheses.  To investigate, a CM 

reaction involving allyl benzene (4.11) and cis-1,4-diacetoxy-2-butene was performed as 

described in Eq. 4.2, using 4.9a as the catalyst.  When the conversion of 4.11 to 4.12 

4.11 to 4.12 

4
.1

2
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reached 95% (E:Z of product = 1.5:1), the reaction mixture was split into two fractions.  

One fraction was left untreated and a second bolus of catalyst was added to the other 

([Ru]final = 5.0 mol %).  After heating both fractions to 60 C for an additional 12 h, they 

were analyzed.  As expected, the E:Z of 4.12 found in both samples increased to 3.0:1 

and 7.0:1, respectively.  Hence, while 4.9a facilitates secondary metathesis reactions, 

these processes appear to be relatively slow and were likely not occurring to a significant 

extent over the course of the aforementioned CM reactions. 

CONCLUSIONS 

In summary, the first examples of Ru-alkylidene olefin metathesis catalysts 

containing acyclic diaminocarbene ligands have been prepared.  Compared to related 

NHC analogues, the ADCs imposed unique steric and electronic constraints on the metal 

centers to which they were ligated, as evidenced by relatively wide N–C–N bond angles, 

long Ru–O bond distances, and other spectroscopic data.  Furthermore, ADCs exhibited 

unsymmetrical conformations when coordinated to Ru, except for complex 4.8b, for 

which surprisingly, its ADC ligand 4.7 underwent a C–N rotation prior to or after 

complexation.  This resulted in a syn conformation of the ADC ligand with the N-methyl 

substituents oriented towards the coordinated metal.  The conformations of the ADC 

moieties were assigned in solution and found to be consistent with their solid state 

structures, where applicable.  Finally, Ru-based catalysts containing ADCs afforded CM 

products with lower E:Z ratios than analogous NHC-containing catalysts.  Efforts toward 

exploring the scope of the catalysts described herein are underway. 

  



 86 

EXPERIMENTAL 

Materials and Methods. Benzene was distilled from sodium and benzophenone 

under an atmosphere of nitrogen. Dichloromethane (CH2Cl2) and toluene were distilled 

from CaH2 under an atmosphere of nitrogen. All solvents were degassed by three, 

consecutive freeze-pump-thaw cycles. Allylbenzene, acrylonitrile, cis-1,4-diacetoxy-2-

butene, and n-octane and were purchased from Aldrich and degassed using three 

consecutive freeze-pump-thaw cycles before use. (PCy3)2Cl2Ru=CHPh (Cy = cyclohexyl) 

and (SIMes)(PCy3)Cl2Ru=CHPh (SIMes = 1,3-dimesitylimidazolin-2-ylidene) were 

generously donated by Materia, Inc. The Hoveyda-Grubbs first generation catalyst, 

(PCy3)Cl2Ru=CH(2-iso-propoxy)Ph, was purchased from Aldrich. 

(SIMes)(pyridine)2Cl2Ru=CHPh (SIMes = 1,3-dimesitylimidazolin-2-ylidene),
134

 N,N-

bis(DIPP)-N,N-dimethylformamidinium iodide [4.6H][I] (DIPP = 2,6-di-iso-

propylphenyl),
46a

 N,N-dimesitylformamidine,
122

 the Hoveyda-Grubbs second generation 

catalyst, (SIMes)Cl2Ru=CH(2-iso-propoxy)Ph (4.3),
142

 and (1-DIPP-3-methylimidazolin-

2-ylidene)Cl2Ru=CH(2-iso-propoxy)Ph (4.4a),
126e 

were synthesized according to 

literature procedures. All other materials and solvents were of reagent quality and were 

used as received. Unless otherwise noted, all manipulations were performed under an 

atmosphere of nitrogen using drybox or Schlenk techniques. 

 

Instrumentation.  
1
H and 

13
C {

1
H} NMR spectra were recorded using a Varian 

300, 400, 500 or 600 MHz spectrometer.  Chemical shifts  (in ppm) were referenced to 

tetramethylsilane using the residual solvent as an internal standard.  For 
1
H NMR: CDCl3, 

7.24 ppm; C6D6, 7.15 ppm; toluene-d8, 2.09 ppm; CD2Cl2, 5.32 ppm; DMSO-d6, 2.49 

ppm.  For 
13

C NMR: CDCl3, 77.0 ppm; DMSO-d6, 39.5 ppm. Coupling constants (J) are 

expressed in hertz (Hz).  
31

P NMR spectra were recorded using a Varian 300 MHz 
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spectrometer, with chemical shifts  (in ppm) referenced to H3PO4.  To determine the 

proton-decoupled chemical shift corresponding to the benzylidene 
13

C nuclei in 

complexes 4.8 and 4.9, the decoupling frequencies were set to the 
1
H chemical shifts of 

their respective benzylidene signals.  High-resolution mass spectra (HRMS) were 

obtained with a VG analytical ZAB2-E or a Karatos MS9 instrument (ESI or CI) and are 

reported as m/z (relative intensity).  Gas chromatography (GC) was performed on an 

Agilent 6850 gas chromatograph.  Elemental analyses were performed by Midwest 

Microlabs, LLC (Indianapolis, IN). 

 

N,N-Dimesityl-N,N-dimethylformamidinium iodide 

[4.7H][I].  Under an atmosphere of air, a 30 mL pressure 

vessel equipped with a stir bar was charged with N,N-

dimesitylformamidine (2.79 g, 9.96 mmol), NaHCO3 (4.20 g, 

49.8 mmol), and CH3CN (20 mL).  Methyl iodide (4.24 g, 29.9 mmol) was added to the 

resulting suspension and the vessel was sealed with a Teflon lined cap.  The reaction 

mixture was stirred for 12 h at 85 °C. After the mixture was allowed to cool to ambient 

temperature, it was filtered.  The filtrate was concentrated to dryness and then triturated 

with diethyl ether. The resulting solid was recovered via vacuum filtration and dried 

under high vacuum to afford the desired product as a pale yellow powder (3.82 g, 88% 

yield).  Crystals of [4.7H][I] were grown as colorless prisms by slow evaporation from 

ethyl acetate.  
1
H NMR (300 MHz, DMSO-d6):  8.46 (s, 1H), 7.12 (s, 2H), 7.04 (s, 2H), 

3.52 (s, 3H), 2.61 (s, 3H), 2.36 (s, 6H), 2.26 (s, 9H), 2.24 (s, 3H).  
13

C NMR (100 MHz, 

DMSO-d6):  156.0, 140.7, 139.7, 138.8, 134.3, 134.0, 133.8, 129.4, 129.3, 45.8, 37.4, 

20.5, 20.4, 17.4, 17.0.  Td 220 ºC.  HRMS Calcd. for C21H29N2 ([M
+
]): 309.2329; found: 



 88 

309.2325.  Anal. Calcd (%) for C21H29N2I: C, 57.80; H, 6.70; N, 6.42.  Found: C, 57.77; 

H, 6.73; N, 6.47. 

 

 (N,N-Bis(2,6-di-iso-propylphenyl)-N,N-

dimethylformamidin-2-ylidene)(SIMes)Cl2Ru=CHPh 

(4.8a).  A 6 mL glass vial equipped with a stir bar was 

charged with [4.6H][I] (213 mg, 0.409 mmol) and 

NaN(SiMe3)2 (85 mg, 0.464 mmol).  Toluene (5 mL) was 

added to the mixture and the vial was sealed with a Teflon lined cap.  The solution was 

stirred for 30 min at ambient temperature and then filtered through a 0.2 m PTFE filter 

into a second clean vial equipped with a stir bar.  (SIMes)(pyridine)2Cl2Ru=CHPh (85 

mg, 0.117 mmol) was then added and the vial was sealed with a Teflon lined cap.  The 

reaction was allowed to stir for 1.5 h at 60 °C.  The solvent was then removed under 

reduced pressure.  Hexanes (2 mL) was added to the resulting green solid which resulted 

in the formation of a yellow-brown precipitate which was removed by filtration.  The 

green filtrate was then loaded onto a short column of silica gel.  The silica gel was 

washed with hexanes (20 mL) followed by ethyl acetate (10 mL) and the green band 

which eluted was collected.  The green solution was concentrated under reduced pressure 

and dried under high vacuum to afford the desired product as a green solid (73.6 mg, 66% 

yield).  
1
H NMR (300 MHz, CDCl3):  18.59 (s, 1H), 8.97 (d, 1H, J = 7.8), 7.27-7.22 (m 

overlapping with solvent, 1H, J = 15.3), 7.09-7.03 (m, 3H), 6.94 (s, 1H), 6.87-6.74 (m, 

3H), 6.66-6.61 (m, 2H), 6.36 (t, 1H, J = 7.5), 5.99 (t, 2H, J = 6.0), 5.52 (s, 1H), 4.02-3.92 

(m, 2H), 3.79-3.74 (m, 2H), 3.61 (s, 3H), 3.57-3.50 (m, 3H), 2.88-2.83 (m, 1H), 2.62 (s, 

3H), 2.56 (s, 3H), 2.45 (s, 3H), 2.35 (s, 3H), 2.19 (s, 3H), 1.88 (s, 3H), 1.84 (s, 3H), 1.40 

(d, 3H, J = 6.6), 1.25 (d, 6H, J = 6.6), 1.18 (d, 3H, J = 6.9), 1.13 (d, 3H, J = 6.3), 1.05 (d, 
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3H, J = 6.9), 0.81 (d, 3H, J = 6.6), 0.62 (d, 3H, J = 6.6).  
13

C NMR (100 MHz, CDCl3):  

296.1, 222.9, 216.6, 149.8, 148.8, 146.5, 146.0, 145.8, 143.8, 143.2, 139.5, 138.3, 137.9, 

137.71, 137.66, 137.3, 136.8, 136.1, 132.6, 130.9, 129.4, 128.94, 128.90, 128.5,128.3, 

128.2, 126.8, 126.3, 125.6, 123.5, 123.42, 123.39, 40.7, 27.8, 27.7, 27.6, 27.4, 27.2, 26.5, 

26.0, 25.6, 25.2, 24.1, 22.5, 22.4, 22.3, 20.95, 20.94, 19.8, 19.1, 18.6, 18.4.  Td, 173 ºC. 

HRMS calcd. for C55H72Cl2Ru ([M
+
]): 960.4178; found, 960.4163.  Anal. Calcd (%) for 

C55H72Cl2N4Ru: C, 68.73; H, 7.55; N, 5.83.  Found: C, 68.63; H, 7.41; N, 5.94. 

 

(N,N-Dimesityl-N,N-dimethylformamidin-2-

ylidene)(SIMes)Cl2Ru=CHPh (4.8b).  A 6 mL glass vial 

equipped with a stir bar was charged with [4.7H][I] (158 

mg, 0.363 mmol), NaN(SiMe3)2 (66.0 mg, 0.363 mmol) 

and toluene (4 mL) and then sealed with a Teflon lined 

cap.  The reaction mixture was stirred for 30 min at 

ambient temperature.  A cloudy mixture formed, which was subsequently filtered through 

a 0.2 m PTFE filter into a clean glass vial equipped with a stir bar (in a drybox). 

(SIMes)(pyridine)2Cl2Ru=CHPh (251 mg, 0.346 mmol) was added and the vial was 

sealed with a Teflon lined cap.  The solution was stirred at ambient temperature for 12 h 

and then concentrated under reduced pressure to afford a green solid.  The solid was 

triturated with pentane and filtered. The recovered solid was then dissolved in ethyl 

acetate and filtered through a short column of silica gel.  Removal of residual solvent 

under high vacuum afforded the desired product as a light green solid (104.9 mg, 35% 

yield).  Crystals of 4.8b·C5H12 were grown as green plates by slow evaporation from 

pentane.  
1
H NMR (300 MHz, CDCl3):  19.16 (s, 1H), 9.50 (br s, 2H), 7.31 (t, 1H, J = 

7.3), 7.07 (br s, 2H), 6.90 (s, 2H), 6.85 (s, 1H), 6.43 (s, 1H), 6.30 (s, 1H), 6.18 (s, 1H), 
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6.07 (s, 1H), 5.87 (s, 1H), 4.06-3.89 (m, 3H), 3.78-3.73 (m, 1H), 3.11 (s, 3H), 2.77 (s, 

3H), 2.62 (s, 3H), 2.53 (s, 3H), 2.22 (s, 3H), 2.19 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 1.99 

(s, 3H), 1.97 (s, 3H), 1.94 (s, 3H), 1.86 (s, 3H), 1.62 (s, 3H).   
13

C NMR (125 MHz, 

CDCl3):  295.8, 227.4, 222.7, 152.0, 144.0, 142.1, 139.2, 139.0, 138.3, 138.0, 137.6, 

137.5, 136.8, 136.6, 135.6, 135.1, 135.0, 134.4, 133.9, 133.8, 129.4, 129.3, 129.1, 128.9, 

128.2, 128.0, 127.9, 127.8, 127.4, 51.8, 51.6, 47.4, 40.6, 21.1, 21.0, 20.6, 20.4, 19.8, 

19.66, 19.63, 19.5, 18.8, 18.65, 18.57, 18.3. Td 204 °C. HRMS calcd. for C49H60Cl2N4Ru 

([M
+
]): 876.3239; found: 876.3237.  Anal. Calcd (%) for C49H60Cl2N4Ru: C, 67.11; H, 

6.90; N, 6.39.  Found: C, 66.82; H, 6.83; N, 6.40. 

 

 (N,N-Bis(2,6-di-iso-propylphenyl)-N,N-dimethylformamidin-

2-ylidene)Cl2Ru=CH(2-iso-propoxy)Ph (4.9a). A 6 mL glass vial 

equipped with a stir bar was charged with [4.6H][I] (185 mg, 0.355 

mmol), NaN(SiMe3)2 (65.0 mg, 0.355 mmol) and benzene (4 mL) 

and then sealed with a Teflon lined cap.  The mixture was stirred 

for 30 min at ambient temperature after which it was filtered 

through a 0.2 m PTFE filter into a second clean glass vial containing a stir bar.  

(PCy3)Cl2Ru=CH(2-iso-propoxy)Ph (100 mg, 0.166 mmol) was added and the vial was 

sealed with a Teflon lined cap.  The resulting purple-red solution was then stirred for 5 h 

at ambient temperature after which the color had changed to green-brown.  The solution 

was then concentrated under reduced pressure to afford a dark green solid.  The solid was 

dissolved in a minimal amount of dichloromethane (ca. 2 mL) and then filtered through a 

short column of silica gel with the aid of additional dichloromethane (ca. 4 mL).  The 

filtrate was then evaporated to a volume of approximately 1 mL and pentane (5 mL) was 

added which caused a green precipitate to form.  The green precipitate was collected and 
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dried under vacuum to afford the desired product as a dark green microcrystalline solid 

(34 mg, 28% yield).  Crystals of 4.9a were grown as green prisms by vapor diffusion of 

pentane into a C6H6 solution of the complex.  
1
H NMR (300 MHz, CDCl3):  15.94 (s, 

1H), 7.58-7.48 (m, 2H), 7.37-7.33 (m, 3H), 7.20 (d, 2H, J = 7.5), 6.95 (d, 1H, J = 7.2), 

6.85 (t, 2H, J = 7.5), 5.05-5.01 (m, 1H), 4.97 (s, 3H), 3.98-3.90 (m, 2H), 3.30-3.21 (m, 

2H), 2.88 (s, 3H), 1.69 (d, 6H, J = 6.0), 1.36-1.34 (2 overlapping d, 12H), 1.06 (d, 6H, J 

= 6.9), 0.94 (d, 6H, J = 6.6).  
13

C NMR (125 MHz, CDCl3):  299.3, 202.1, 152.0, 148.4, 

146.6, 146.1, 145.3, 144.9, 129.5, 129.0, 128.7, 124.9, 124.2, 122.9, 122.4, 133.0, 74.5, 

46.9, 46.8, 28.0, 27.7, 26.2, 26.1, 23.6, 23.0, 22.4. Td 238 °C. HRMS Calcd. for 

C37H52Cl2N2ORu ([M
+
]): 712.2500, found: 712.2500.  Anal. Calcd (%) for 

C37H52Cl2N2ORu: C, 62.35; H, 7.35; N, 3.93.  Found: C, 62.41; H, 7.29; N, 4.03. 

 

 (N,N-Dimesityl-N,N-dimethylformamidin-2-

ylidene)Cl2Ru=CH(2-iso-propoxy)Ph (4.9b).  A 6 mL glass 

vial equipped with a stir bar was charged with [4.7H][I] (191 mg, 

0.438 mmol), NaN(SiMe3)2 (80.0 mg, 0.438 mmol) and benzene 

(4 mL), and then sealed with a Teflon lined cap.  The solution 

was stirred for 30 min at ambient temperature after which it was 

filtered through a 0.2 m PTFE filter into a second clean glass 

vial containing a stir bar.  (PCy3)Cl2Ru=CH(2-iso-propoxy)Ph (105 mg, 0.175 mmol) 

was added and the vial was sealed with a Teflon lined cap.  The reaction mixture was 

stirred at 50 °C for 3 h.  The solution was then concentrated under reduced pressure to 

afford a dark green solid.  The resulting solid was purified by column chromatography on 

silica gel using hexanes/ethyl acetate (5:1 v/v) as the eluent.  A dark green band eluted 

first, which was determined to be an intermediate where PCy3 had displaced the 
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coordinating isopropoxy moiety.
146

  This solution was concentrated, dissolved in 5 mL of 

CHCl3, and then stirred for 10 h to induce phosphine dissociation.  A second band was 

eluted from the aforementioned column, which contained the desired product.  This 

solution was concentrated under reduced pressure to afford a green solid.  After the first 

band had finished stirring, it was combined with the second band and the resulting 

solution was concentrated under reduced pressure.  Diethyl ether (5 mL) was then added, 

which caused a light green solid to precipitate upon standing.  After decanting the mother 

liquor, the residual solids were collected and washed with hexanes (5 mL).  The solids 

were then collected by vacuum filtration and dried under high vacuum to afford the 

desired product as a light green powder (59 mg, 54% yield).  Crystals of 4.9b·1.5(C6H6) 

were grown as green needles by vapor diffusion of pentane into a CH2Cl2 solution of the 

complex.  
1
H NMR (300 MHz, CDCl3):  15.92 (s, 1H), 7.52 (t, 1H, J = 8.7), 7.04 (s, 

2H), 7.00-6.97 (m, 1H), 6.93 (s, 2H), 6.89-6.86 (m, 2H), 5.06 (h, 1H, J = 6.0), 4.80 (s, 

3H), 2.82 (s, 3H), 2.54 (s, 6H), 2.46 (s, 3H), 2.30 (s, 3H), 2.26 (s, 6H), 1.67 (d, 6H, J = 

6.00).  
13

C NMR (125 MHz, CDCl3):  302.8, 201.2, 151.7, 148.4, 145.4, 144.9, 138.0, 

137.5, 136.7, 135.6, 129.9, 129.8, 129.0, 123.3, 122.6, 113.0, 74.4, 44.6, 42.7, 22.2, 21.1, 

21.0, 18.7, 18.3. Td, 196 ºC. HRMS Calcd. for C31H40Cl2N2ORu ([M
+
]): 628.1561, found: 

628.1559.  Anal. Calcd. for C31H40Cl2N2ORu: C, 59.23; H, 6.41; N, 4.46.  Found: C, 

58.91; H, 6.29; N, 4.60. 
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Chapter 5:  The Electronic Properties of N-Aryl-N-Alkyl ADC Ligands: 
Conformation-Dependent Donicity 

INTRODUCTION 

N-heterocyclic carbenes (NHCs)
28–32

 have proven to be useful ligands for a broad range 

of transition metals, particularly for applications in catalysis.
147

 Much of their widespread 

success can be attributed to their unique steric and electronic properties, both of which 

may be finely tuned. While NHCs with a wide variety of N-substituents are known, those 

featuring bulky 2,4,6-trimethylphenyl (mesityl) or 2,6-di-iso-propylphenyl (DIPP) groups 

(e.g., 5.1 and 5.2 in Figure 5.1) are common as they often provide steric protection to 

metals upon coordination.
148

 NHCs are also strong electron donors, a feature that 

frequently enhances the catalytic activities of metal complexes which utilize these 

ligands, particularly when compared to analogous catalysts which contain phosphines.
147 

Consequently, numerous reports have sought to experimentally,
43

 and computationally
149

 

quantify the ligand donicity of NHCs to better predict and to understand their unique 

characteristics. 

 

Figure 5.1 Representative examples of NHCs (5.1 and 5.2) and ADCs (5.3 and 5.4). The 
conformations shown for the ADCs are consistent with their solution and 
solid state structures (vide infra). 
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A rapidly emerging class of ligands that may expand the favorable characteristics 

of NHCs are acyclic diaminocarbenes (ADCs) (e.g., 5.3 and 5.4).
46,109

 Due to their 

relatively wide N–C–N bond angles, the steric properties of ADCs may be considered to 

be more imposing than their NHC analogues. Likewise, ADCs may also be regarded as 

stronger donors than NHCs on account of their high basicities, 
52,111 

although the number 

of reports which have comprehensively compared the steric and electronic properties of 

these two classes of ligands are relatively scarce.
150

 Another potentially useful feature of 

ADCs, particularly when compared to NHCs, is their increased rotational freedom.
116

 As 

evidenced above (i.e. Chapters 3.and 4), differentially-substituted ADCs are capable of 

adopting multiple conformations,
46,90 

each of which may place ligated metal centers in 

distinct steric environments or bestow different electronic properties.
151

 

Herein, we study how the electron donicities of differentially-substituted ADCs 

are influenced by their conformations. These efforts were prompted by 5.3, an ADC that 

was recently discovered
90

 to adopt either syn or anti conformations with respect to its N-

aryl substituents depending on the metal center to which it was ligated. To facilitate 

comparison to other ligands, particularly NHCs, reported in the literature,
43

 Ir(COD)Cl 

(COD = 1,5-cyclooctadiene) and Ir(CO)2Cl complexes containing 5.3 were synthesized 

and studied. Analogous complexes containing 5.4, an ADC that displays restricted 

conformational freedom presumably due to its increased steric bulk (vide infra), were 

also evaluated as comparative controls. 

 

SYNTHESIS OF THE DESIRED IRIDIUM COMPLEXES 

As summarized in Scheme 5.1, known formamidinium salts [5.3H][I] and 

[5.4H][I] were independently treated with NaHMDS (HMDS = hexamethyldisilazide) in 

toluene (to generate the respective free ADCs in-situ)
152

 followed by the addition of 
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[Ir(COD)Cl]2. The desired Ir complexes 5.3a and 5.4a were isolated in 40 and 50% yield, 

respectively, as bright yellow solids after purification via column chromatography. The 

1
H NMR spectrum (CDCl3) of 5.3a revealed a singlet at δ = 4.00 ppm, which was 

assigned to magnetically equivalent N-methyl groups and was consistent with the ADC 

adopting a syn conformation. As two different syn conformations are possible, a series of 

NOESY NMR experiments were performed to elucidate the absolute structure of 5.3a. As 

summarized in Appendix 1, the signals assigned to the N-methyl groups correlated with 

signals attributed to the Ir-ligated olefin moieties (δ = 4.53 and 3.42 ppm). Considering 

no analogous correlations were found with the signals assigned to the N-mesityl aryl 

protons, we believe that the syn conformation adopted by the ADC ligand in 5.3a 

positions its N-methyl groups toward the metal center.
153

 In contrast, the ADC in 5.4a 

adopted an anti conformation as magnetically inequivalent signals assigned to its N-

methyl (δ = 4.15 and 2.65 ppm) and methine groups (δ = 4.12 , 3.87, 3.18, and 2.89 ppm) 

were observed in the 
1
H NMR spectrum (CDCl3) recorded for this complex. 

 

 

Scheme 5.1 Synthesis of Ir(COD)Cl and Ir(CO)2Cl complexes containing ADCs 5.3 and 
5.4. 

To support the aforementioned solution state structure assignments, X-ray quality 

crystals of 5.3a and 5.4a were obtained independently by slow evaporation of their 

concentrated solutions in CH2Cl2 or hexanes, respectively. As shown in Figure 5.2 (left), 
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the ADC ligand in 5.3a adopted a syn conformation which was consistent with the 

solution-based structural analysis described above. Moreover, the N-mesityl substituents 

in 5.3a were perpendicular to the N–C–N plane and in close proximity to each other. 

Indeed, the distance between the arene faces was measured to be 3.547 Å, a value that is 

in accord with a π–π* interaction.
139

 As shown in Figure 5.2 (right), the conformation 

adopted by the ADC ligand in 5.4a was also consistent with its solution derived 

assignment. Although positioning two N-CH3 substituents toward the coordinated Ir 

center (versus one N-methyl and one N-DIPP substituent) resulted in a shorter Ccarbene–Ir 

bond distance (5.3a: 2.061(4) versus 5.4a: 2.082(4) Å), they compared favorably to those 

reported for analogous Ir complexes containing NHCs (2.041(3)–2.090(13) Å).
43b,154

 

Additionally, the average distances of the Ir–olefin moieties trans (2.178(5) Å for both 

5.3a and 5.4a) and cis (2.114(4)–2.116(6) Å) to the ADC ligands in 5.3a and 5.4a were 

within the range observed for previously reported NHC-containing Ir(COD)Cl complexes 

(trans: 2.1635(7)–2.1845(8) Å; cis: 2.0995(8)–2.125(7) Å).
43b,154

 The N–C–N bond 

angles measured in the solid state structures of 5.3a and 5.4a were nearly identical 

(118.9(4) and 119.1(4)°, respectively) to each other as well as to their free ADCs
152

 5.3 

and 5.4 (119.4(2) and 120.3(1)°, respectively) but contracted relative to those observed in 

the solid-state structures of their formamidinium salt precursors [5.3H][I] and [5.4H][I] 

(129.5(2) and 129.6(3)°, respectively).
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Figure 5.2 (left) ORTEP diagram of 5.3a showing 50% probability ellipsoids.  Hydrogen 
atoms have been omitted for clarity. Key bond distances (Å), angles (°), and 
torsions (°): Ir–C1, 2.061(4); Ir–C6, 2.119(4); Ir–C7, 2.109(4); Ir–C8, 
2.162(4); Ir–C9, 2.194(5); Ir–Cl, 2.363(1); N1–C1, 1.471(5); N2–C1, 
1.350(5); Cl–Ir–C1, 89.1(1); N1–C1–N2, 118.9(4); C2–N1–C1–N2, –
170.3(4); C3–N2–C1–N1, 178.9(4); C4–N1–C1–N2, 19.5(6); C5–N2–C1–
N1, 17.8(6). (right) ORTEP diagram of 5.4a showing 50% probability 
ellipsoids. Hydrogen atoms have been omitted for clarity. Key bond 
distances (Å), angles (°), and torsions (°): Ir–C1, 2.082(4); Ir–C6, 2.106(6); 
Ir–C7, 2.125(6); Ir–C8, 2.173(5); Ir–C9, 2.178(5); Ir–Cl, 2.400(1); N1–C1, 
1.344(5); N2–C1, 1.364(5); Cl–Ir–C1, 88.3(1); N1–C1–N2, 119.1(4); C2–
N1–C1–N2, –7.3(6); C3–N2–C1–N1, 178.3(3); C4–N1–C1–N2, 168.2(4); 
C5–N2–C1–N1, 2.8(7).   

Complexes 5.3a and 5.4a were successfully converted to their corresponding 

carbonyl complexes 5.3b and 5.4b, respectively, by stirring CH2Cl2 solutions of the 

former under an atmosphere of CO. Performing the aforementioned carbonylation 

reaction from 5.3a at ambient temperature afforded two conformational isomers (initially 

assigned as syn-5.3b and anti-5.3b) as three signals attributed to N-methyl substituents 

were observed at δ = 3.84, 3.80, and 2.51 ppm with integrals in a relative ratio of 

approximately 4:1:4 in the respective 
1
H NMR spectrum (CDCl3) recorded for this 

mixture. Repeating the carbonylation at 0 °C, however, strongly favored
155

 the formation 

of one isomer, as a single 
1
H NMR resonance was observed at δ = 3.80 ppm. As 
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summarized in Appendix 1, a series of NOESY NMR experiments revealed that the 

absolute structure of syn-5.3b was similar to that of 5.3a, where both of the N-methyl 

groups of the ADC were positioned toward the Ir center. Although syn-5.3b was found to 

slowly isomerize over a period of days in solution, heating this complex in toluene at 100 

°C for 48 h afforded a mixture of the syn and anti isomers in a 1 : 4 molar ratio, 

respectively, as determined by 
1
H NMR spectroscopy.

156
 Washing this mixture with cold 

hexanes was found to selectively remove the minor isomer and facilitated isolation of 

anti-5.3b. The 
1
H NMR spectrum of this compound exhibited N-CH3 signals at δ = 3.84 

and 2.51 ppm (CDCl3), which supported the preliminary assignments of the mixtures of 

isomers described above. As expected, the ADC ligand in 5.4b adopted an anti 

conformation as evidenced by 
1
H NMR signals attributed to its magnetically inequivalent 

N-methyl substituents (δ = 3.96 and 2.69 ppm; CDCl3). 

X-ray quality crystals of syn-5.3b, anti-5.3b, and 5.4b,
157

 were obtained 

independently by slow evaporation of saturated solutions of the aforementioned 

complexes in dry hexanes. The N–C–N bond angles for syn-5.3b (120.4(2)°), anti-5.3b 

(122.0(2)°), and 5.4b (122.2(2)°) as well as their Ccarbene–Ir bond distances (2.119(2), 

2.117(3), and 2.115(2) Å, respectively) were comparable to each other. However, the           

Ir–Ccarbene bond distances measured in these structures were relatively long when 

compared to those typically observed for analogous complexes containing NHCs 

(2.071(4)–2.121(14) Å)
43b,154b

 presumably due to the wide N–C–N bond angles of ADCs 

and, consequently, increased steric interactions with the ligated metal centers. 

Collectively, the cis and trans (relative to the ADC ligands) Ir–CO bond distances 

observed in syn-5.3b, anti-5.3b, and 5.4b (cis: 1.863(7)–1.907(4) and trans: 1.888(3)–

1.896(3) Å) were comparable to the ranges observed for analogous complexes containing 

NHCs (1.611(6)–1.893(4) and 1.847(6)–1.959(4) Å, respectively).
43b,154b
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Figure 5.3 (top left) ORTEP diagram of syn-5.3b showing ellipsoids at 50% probability. 
Hydrogen atoms and lower occupancy atoms of the disordered carbonyl and 
chloro groups have been omitted for clarity. Key bond distances (Å), angles 
(°), and torsions (°): Ir–C1, 2.119(2); Ir–C6, 1.863(7); Ir–C7, 1.896(3); Ir–
Cl, 2.351(2); N1–C1, 1.346(3); N2–C1, 1.344(3); Cl–Ir–C1, 88.70(8); N1–
C1–N2, 120.4(2); C2–N1–C1–N2, –175.4(2); C3–N2–C1–N1, –178.7(2); 
C4–N1–C1–N2, 22.2(3); C5–N2–C1–N1, 19.2(3). (top right) ORTEP 
diagram of anti-5.3b showing ellipsoids at 50% probability. Hydrogen 
atoms have been omitted for clarity. Key bond distances (Å), angles (°), and 
torsions (°): Ir–C1, 2.115(2); Ir–C6, 1.867(4); Ir–C7, 1.888(3); Ir–Cl, 
2.321(9); N1–C1, 1.339(3); N2–C1, 1.338(4); Cl–Ir–C1, 87.66(7); N1–C1–
N2, 122.0(2); C2–N1–C1–N2, -1.3(4); C3–N2–C1–N1, 176.3(2); C4–N1–
C1–N2, 179.3(2); C5–N2–C1–N1, 0.4(4). (bottom) ORTEP diagram of 5.4b 
showing ellipsoids at 50% probability. Hydrogen atoms have been omitted 
for clarity. Key bond distances (Å), angles (°), and torsions (°): Ir–C1, 
2.117(3); Ir–C6, 1.907(4); Ir–C7, 1.885(3); Ir–Cl, 2.378(1); N1–C1, 
1.349(3); N2–C1, 1.336(3); Cl–Ir–C1, 87.15(8); N1–C1–N2, 122.2(2); C2–
N1–C1–N2, –4.8(4); C3–N2–C1–N1, –177.7(2); C4–N1–C1–N2, 178.0(2); 
C5–N2–C1–N1, 2.7(4).   
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With the Ir olefin and carbonyl complexes containing ADCs 5.3 and 5.4 in hand, 

attention shifted toward evaluating the electronic properties of these systems. Initial 

efforts were directed toward determining the Tolman Electronic Parameters (TEPs) of 5.3 

and 5.4 as such values are commonly used to compare the electron donating abilities of 

various ligands.
43,149

 The TEP was initially defined as the A1 stretching mode of the 

carbonyls in various (PR3)Ni(CO)3 (R = aryl, alkyl) complexes
56

 and was designed to 

provide a sensitive measure of a phosphine’s donating ability independent of steric 

effects. To circumvent handling of toxic Ni(CO)4, Crabtree
43e

 developed a linear 

correlation between the TEP and the average IR stretching frequency observed in 

complexes of the type [(PR3)Ir(CO)2Cl] (R = aryl, alkyl), which was later extended to 

include common NHCs by Nolan
43b 

and analogous Rh carbonyl complexes by Plenio.
43a

 

Following these protocols, the νCO for complexes 5.3b and 5.4b were measured in 

CH2Cl2 by IR spectroscopy and the TEPs of the respective ADCs were determined; the 

results are summarized in Table 5.1. The TEP for anti-5.3 (2044.4 cm
-1

) was found to be 

significantly different than that of syn-5.3 (2047.8 cm
-1

), a result which suggested that 

differentially-substituted ADCs display conformation-dependent ligand donicities. For 

comparison, the difference in the TEPs derived for 5.1 and its saturated analogue (1,3-

dimesityl-imidazolin-2-ylidene (5.5); structure not shown) or for series of 

diaminocarbenes containing N-Mes versus N-DIPP substituents (i.e., anti-5.3b versus 

5.4b or 5.1 versus 5.2) is only 0.9 cm
-1

, or less.
43b

 Regardless of conformation, ADCs 5.3 

and 5.4 appeared to be stronger donors than their five-member NHC analogues
43b

 5.1 and 

5.2 but weaker than a six-member NHC analogue 1,3-dimesityl-3,4,5,6-

tetrahydropyrimidin-2-ylidene (5.6)
158

 and bis(di-iso-propylamino)carbene (5.7)
52

 

(structures not shown).  
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Table 5.1. Carbonyl stretching energies and derived TEPs of selected (L)Ir(CO)2Cl 
complexes.

a
 

(L)Ir(CO)2Cl, 
where L = 

νCO (Ir) (cm
-1

) νavg (Ir) (cm
-1

) TEP (cm
-1

)
 

syn-5.3 2063, 1979 2021.0 2047.8 

anti-5.3 2059, 1975 2017.0 2044.4 

5.4 2059, 1974 2016.5 2044.0 

5.1
43b

 2066, 1980 2023.0 2049.5 (2050.7)
b 

5.2
43b

 2067, 1981 2024.0 2050.3 (2051.5)
b 

5.5
43b

 2068, 1981 2024.5 2050.8 

5.6
158

  2006.2
c
 2035.3

 

5.7
52

  2007.5
c
 2036.4

 

a 
IR data obtained in CH2Cl2. TEP of L = 0.847  νCOavg (Ir) + 336 cm

-1
.
43b b 

Values in parenthesis were determined from the the A1 stretching mode in the respective 

[(NHC)Ni(CO)3] complexes for comparison.
43b c 

Values of νCOavg (Rh) were first 

converted to νCOav (Ir) using the equation
43a

 νCOavg (Ir) = 0.8695  νCOav(Rh) + 250.7 

cm
-1

. 
 

CYCLIC VOLTAMMETRY 

The aforementioned results showing that the donicity of 5.3 depended on its 

conformation were unexpected as the only apparent difference between the two ADC 

conformers was sterics which should not influence their respective TEPs, according to 

the original parameter defined for phosphine ligands.
56

 Considering that the oxidation 

potentials of transition metal complexes are directly influenced by the donating abilities 

of their ligands, Ir(COD)Cl complexes 5.3a and 5.4a as well as Ir(CO)2Cl complexes 

5.3b and 5.4b were further evaluated using cyclic voltammetry (CV); the results are 

summarized in Table 5.2. The Ir
I/II

 redox couples for 5.3a and 5.4a were measured at 0.69 

and 0.82 V, respectively, values that were within the range of those reported for 

analogous Ir(COD)Cl complexes containing NHCs (0.59 – 1.04 V).
43c,69 

Highlighting the 
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sensitivity of CV, the measured oxidation potential of 5.3a differed by 130 mV when 

compared to 5.4a (recall that the TEPs of the ADCs measured in these complexes were 

nearly indistinguishable). The Epa measured for the respective Ir carbonyl complexes 

containing ADCs with anti conformations were quite similar (1.24 V for anti-5.3b versus 

1.26 V for 5.4b), although their absolute potentials were significantly higher than their 

COD derivatives, as expected.
43c,69

 Remarkably, the oxidation potential measured for syn-

5.3b (1.57 V) was over 300 mV higher than that measured for anti-5.3b. This result 

indicated that the former complex possessed a relatively electron-deficient Ir center and 

was consistent with the decreased ligand donicity observed in syn-5.3 versus anti-5.3, as 

described above. 
 

Table 5.2. Summary of Electrochemical Properties for Selected Complexes.
a
 

Complex E1/2 (V)
b
  Complex Epa (V)

c
 

5.3a 0.82, 0.60
d
 syn-5.3b 1.57 

  anti-5.3b 1.26, 0.46
e
 

5.4a 0.69 5.4b 1.24 

a
 Measurements were performed in CH2Cl2 containing 0.1 M [Bu4N][PF6] at 100 

mV s
-1

 scan rate and were referenced decamethylferrocene as an internal standard 

adjusted to –0.057 V vs. SCE.70 
b
 The Ir(COD) complexes exhibited quasi-reversible 

oxidation processes and are reported as half-wave potentials (E1/2). 
c
 The Ir(CO)2 

exhbiited irreversible oxidation processes and are reported as anodic peak potentials 

(Epa). 
d
 A minor quasi-reversible feature was observed at the noted potential. 

e
 A minor 

irreversible reduction feature was observed at the noted potential. 

 

The IR spectroscopy and electrochemical results were surprising and suggested 

that diaminocarbenes may be more than pure σ-donors.
53,157a

 Recent theoretical studies 
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have claimed that bulky NHCs display decreased M→Ccarbene π*-backbonding 

interactions relative to smaller analogues.
111b

 Hence, compared to its anti isomer, the 

ADC 5.3 may facilitate such interactions in its metal complexes when in its syn 

conformation and, as a result of decreased electron density, explain why the Ir(CO)2Cl 

syn-5.3b was observed to oxidize at a higher potential than its anti isomer (anti-5.3b). To 

quantify the steric parameters in the aforementioned complexes, the percent buried 

volume (%VBur),
 
which measures the theoretical spherical volume occupied by a ligand 

coordinated to metal center,
159

 was calculated for the ADC ligands in syn-5.3b, anti-5.3b, 

and 5.4b using the method reported by Cavallo.
91

 As expected and in support of our 

rationalization, the ADC ligand in syn-5.3b was considerably less bulky (%VBur = 30.7) 

than the ADCs in anti-5.3b and 5.4b (%VBur = 35.6 and 34.9, respectively). However, we 

acknowledge that the Ir–Ccarbene bond distances measured in the X-ray crystal structures 

of syn-5.3b, anti-5.3b, and 5.4b were nearly identical and therefore an alternate 

explaination is that the different donicities observed may stem from through-space or “-

face donor” interactions
160

 between the N–arene moieties and their juxtaposed metal 

centers in anti-5.3b and 5.4b.
161

 Anchimeric assistance and rehybridization effects at the 

carbene nucleus may also contribute to the conformation-dependent donicities observed. 

CONCLUSION 

In conclusion, five new Ir complexes containing differentially-substituted ADCs 

5.3 and 5.4 were synthesized and studied in solution as well as in the solid state. 

Depending on the N-substituents and the ancillary ligands coordinated to the Ir centers, 

different ADC conformations were observed. When in an anti conformation, the 

aforementioned ADCs appeared to exhibit similar donicities. However, the syn 

conformation of 5.3, where each of its N-methyl substituents were oriented toward its 

carbene nucleus, appeared to be a weaker donor than its anti conformer, which may be 
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due to increased M → NHC π* backbonding or through-space, arene-metal interactions. 

These results, in accordance with the growing evidence presented by 

others,
148a,149a,149d,159c,162

 suggest that the TEPs may not adequately describe the electron 

donating properties of ADCs and, by extension, NHCs. While cyclic voltammetry proved 

to be a very sensitive measure of the electronic nature of the coordinated metal, we 

appreciate
 
that this technique may not be general as metal carbonyl complexes often have 

inaccessible oxidation potentials.
2,68,69

 Collectively, these results establish a new avenue 

for fine-tuning the electronic properties of transition metal complexes which contain 

differentially-substituted ADCs. The conformation-dependent donicities of these 

remarkable ligands establishes a new design parameter and may unlock novel 

opportunities for switching the activities or selectivities of metal-based catalysts which 

contain them. Moreover, these results indicate that changes in the steric properties of 

conformationally-fluxional diaminocarbenes may significantly affect their donicities and 

thus alter the expected outcomes of catalysts designed around such types of ligands.
151

 

 

EXPERIMENTAL 

Materials and Methods. Benzene was distilled from sodium and benzophenone 

under an atmosphere of nitrogen and then degassed by three, consecutive freeze-pump-

thaw cycles. Toluene and CH2Cl2 were dried and degassed using a solvent purification 

system and then subsequently stored over 3 Å molecular sieves. N,N′-di(mesityl)-N,N′-

dimethylformamidin-2-ylidene (5.3),
90

 N,N′-di(DIPP)-N,N′-dimethylformamidin-2-

ylidene (5.4),
46

 N,N′-dimesityl-N,N′-dimethylformamidinium iodide ([5.3H][I]),
90

 N,N′-

di(DIPP)-N,N′-dimethylformamidinium iodide ([5.4H][I]),
46

 and [Ir(COD)Cl]2
163

 were 

synthesized according to literature procedures. All other materials and solvents were of 
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reagent quality and were used as received. Unless otherwise noted, all manipulations 

were performed under an atmosphere of nitrogen using drybox or Schlenk techniques. 

 

Instrumentation. 
1
H and 

13
C {

1
H} NMR spectra were recorded using a Varian 

300, 400, 500 or 600 MHz spectrometer. Chemical shifts δ (in ppm) were referenced to 

tetramethylsilane using the residual proteo solvent as an internal standard (
1
H: CDCl3, 

7.24 ppm; toluene-d8, 2.09 ppm; 
13

C: CDCl3, 77.0 ppm). Coupling constants (J) are 

expressed in hertz (Hz). Decomposition temperatures (Td) were determined by 

thermogravimetric analyses (TGA) using a Mettler Toledo TGA/SDTA851
e
 instrument at 

a scan rate of 25 ºC/min under an atmosphere of air. Electrochemical experiments were 

conducted on CH Instruments Electrochemical Workstations (series 660D and 700B) 

using a gas-tight, three-electrode cell under an atmosphere of dry nitrogen. The cell was 

equipped with platinum working, platinum counter and silver quasi-reference electrodes. 

Measurements were performed in dry CH2Cl2 with 0.1 M [n-Bu4N][PF6] as the electrolyte 

and [(Me5Cp)2Fe] (Fc*) as the internal standard. All potentials noted were determined at 

100 mV s
-1

 scan rates and referenced to saturated calomel electrode (SCE) by shifting 

(Fc*)
0/+

 to –0.057 V (CH2Cl2).
70 

IR spectra were recorded using a Perkin-Elmer Spectrum 

BX FT-IR system. High-resolution mass spectra (HRMS) were obtained with a VG 

analytical ZAB2-E or a Karatos MS9 instrument (ESI or CI) and are reported as m/z 

(relative intensity). Elemental analyses were performed by Midwest Microlabs, LLC 

(Indianapolis, IN). 

 

 [(5.3)Ir(COD)Cl] (5.3a). A 7.5 mL glass vial equipped 

with a stir bar was charged with [5.3H][I] (991 mg, 2.30 mmol) 

and a second separate 7.5 mL glass vial equipped with a stir bar 



 106 

was charged with NaHMDS (420 mg, 2.30 mmol). To each vial was added toluene (3 

mL), and the vials were placed in a –25 °C freezer for 15 min. The toluene solution of 

NaHMDS was then added dropwise to the mixture of [5.3H][I] with stirring . After the 

addition was complete, stirring was continued at ambient temperature for 1 h. The 

resulting mixture was then filtered through a 0.25 μm PTFE filter into a clean 7.5 mL 

glass vial. [Ir(COD)Cl]2 (763 mg, 1.14 mmol) was then added to the filtered solution the 

mixture was stirred at ambient temperature for 36 h.  A yellow solid had precipitated 

which was filtered and dried under vacuum. The filtrate was concentrated by evaporation 

under reduced pressure and purified by column chromatography (media: silica gel; 

eluent: 1 : 1 v/v hexanes : chloroform followed by chloroform) to recover additional 

product. The initial precipitate and chromatographically-purified solid were combined to 

afford the desired product as a yellow solid (590 mg, 40 % yield). 
1
H NMR (400 MHz, 

CDCl3):  6.40 (s, 2H, Mes-aryl), 6.36 (s, 2H, Mes-aryl), 4.54-4.52 (m, 2H, COD-olefin), 

4.00 (s, 6H, N-CH3), 3.43-3.42 (m, 2H, COD-olefin), 2.30-2.26 (m, 2H, COD-CH2), 2.18 

(s, 6H, Mes-CH3), 2.05 (s, 6H, Mes-CH3), 1.97 (s, 6H, Mes-CH3), 1.71-1.54 (m, 6H, 

COD-CH2). 
13

C NMR (100 MHz, CDCl3):  209.6, 142.0, 136.1, 134.8, 133.2, 128.7, 

128.1, 81.1, 51.8, 46.7, 33.4, 29.2, 20.6, 19.5, 19.0. Td = 240 ºC. HRMS: [M
+
] calcd for 

C29H40N2
193

IrCl: 644.2509; found: 644.2499. Anal. calcd (%) for C29H40N2O2IrCl: C, 

54.06; H, 6.26; N, 4.35. Found: C, 53.99; H, 6.04; N, 4.32. 

 

 [(5.4)Ir(COD)Cl] (5.4a). A 7.5 mL glass vial equipped 

with a stir bar was charged with [5.4H][I] (95.5 mg, 0.183 mmol), 

NaHMDS (34.3 mg, 0.183 mmol), and toluene (4 mL). The 

toluene mixture was stirred for 30 min at room temperature. The resulting mixture was 

then filtered through a 0.25 μm PTFE filter into a clean 7.5 mL glass vial containing 



 107 

[Ir(COD)Cl]2 (61.5 mg, 0.0898 mmol) and a stir bar. The combined solution was then 

stirred at ambient temperature for 24 h. Removal of solvent under reduced pressure 

afforded a dark red solid which was then purified by column chromatography (media: 

silica gel; eluent: hexanes followed by 20 : 1 v/v hexanes : ethyl acetate) to afford the 

desired product as a bright yellow solid (65 mg, 50 % yield). 
1
H NMR (400 MHz, 

CDCl3):  7.34-7.28 (m, 2H, DIPP aryl), 7.25-7.23 (m, 1H, DIPP-aryl), 7.17-7.09 (m, 3H, 

DIPP-aryl), 4.26-4.23 (m, 1H, COD olefin), 4.15 (s, 3H, N-CH3), 4.12 (sep, 1H, J = 6.8, 

DIPP-CH), 4.01-3.97 (m, 1H, COD olefin), 3.87 (sep, 1H, J = 6.8, DIPP-CH), 3.45-3.42 

(m, 1H, COD olefin), 3.18 (sep, 1H, J = 6.8, DIPP-CH), 2.89 (sep, 1H, J = 6.8, DIPP-

CH), 2.65 (s, 3H, N-CH3), 2.36-2.31 (m, 1H, COD olefin), 2.25-2.19 (m, 1H, COD-CH2), 

1.76-1.63 (m, 3H, COD-CH2), 1.53-1.46 (m, 1 H, COD-CH2), 1.41 (d, 3H, J = 6.4, DIPP-

CH3), 1.37-1.28 (5 overlapping d, 15H, N-CH3), 1.02-0.92 (m, 8H, DIPP-CH3 and COD-

CH2), 0.78-0.70 (m, 1H, COD-CH2). 
13

C NMR (100 MHz, CDCl3):  202.7, 145.6, 145.0, 

143.6, 142.6, 142.5, 142.0, 127.4, 126.9, 123.5, 123.2, 122.2, 121.9, 81.4, 53.3, 52.3, 

50.3, 46.9, 37.8, 32.5, 30.1, 30.0, 29.9, 29.7, 28.5, 28.3, 27.9, 27.4, 27.3, 27.1, 24.9, 24.2, 

24.1, 23.9. Td = 225 ºC. HRMS: [M
+
] calcd for C35H52N2

193
IrCl: 728.3448; found: 

728.3446. Anal. calcd (%) for C35H52N2IrCl: C, 57.71; H, 7.19; N, 3.85. Found: C, 58.01; 

H, 7.19; N, 4.05. 

 

syn-[(5.3)Ir(CO)2Cl] (syn-5.3b). Under an atmosphere of 

ambient air, a 20 mL glass vial equipped with a stir bar was 

charged with 5.3a (99.3 mg, 0.154 mmol) and CH2Cl2 (3 mL) and 

then sealed with a septum. The solution was placed in an ice bath and stirred for 5 min, 

and then purged with CO for 30 min at 0 °C. Residual 1,5-cyclooctadiene was removed 

by the repeated addition of minimal cold pentane followed by evaporation under reduced 
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pressure. The resulting solid was dried under reduced pressure to afford the desired 

product as a pale yellow powder (88 mg, 96% yield). The product contained greater than 

98% of the syn isomer as determined by 
1
H NMR spectroscopy. 

1
H NMR (500 MHz, 

CDCl3, –30 °C):  6.44 (s, 4H, Mes-Aryl), 3.78 (s, 6H, N-CH3), 2.13 (s, 6H, Mes-CH3), 

2.07 (s, 6H, Mes-CH3), 2.05 (s, 6H, Mes-CH3). 
13

C NMR (125 MHz, CDCl3, –30 °C):  

202.1, 180.2, 168.6, 141.3, 136.6, 133.8, 132.9, 128.5, 128.2, 47.6, 20.7, 19.3, 19.1. Td = 

275 ºC. HRMS: [M
+
] calcd for C23H28N2O2IrCl: 592.1469; found: 592.1464. IR 

(CH2Cl2): 2063, 1979 cm
-1

. Anal. calcd (%) for C23H28N2O2IrCl: C, 46.65; H, 4.77; N, 

4.73. Found: C, 46.65; H, 4.71; N, 4.59. 

 

anti-[(5.3)Ir(COD)Cl] (anti-5.3b). Under an ambient 

atmosphere, a 7.5 mL glass vial equipped with a stir bar was 

charged with 5.3a (158.2 mg, 0.2455 mmol) and CH2Cl2 (5 mL) 

and then sealed with a septum. While stirring at an ambient temperature, the resulting 

solution was purged with CO until the solvent had evaporated, which required 

approximately 3 h. Residual 1,5-cyclooctadiene was removed by repeatedly dissolving 

the yellow solid in minimal pentane followed by removal of the solvent by evaporation 

under reduced pressure. The resulting solid was then dried under reduced pressure to 

afford a yellow powder which was a mixture of both syn-5.3b and anti-5.3b. The desired 

isomer was obtained by gently washing the mixture with hexanes (3  2 mL) and 

followed by drying the residual yellow solid under vacuum (55 mg, 38% yield). 
1
H NMR 

(400 MHz, CDCl3):  6.91 (s, 1H, Mes-aryl), 6.90 (s, 1H, Mes-aryl), 6.88 (s, 1H, Mes-

aryl), 6.86 (s, 1H, Mes-aryl), 3.84 (s, 3H, N-CH3), 3.84 (s, 3H, N-CH3), 2.51 (s, 3H, Mes-

CH3), 2.48 (s, 3H, Mes-CH3), 2.37 (s, 3H, Mes-CH3), 2.28 (s, 9H, Mes-CH3), 2.26 (s, 3H, 

Mes-CH3). 
13

C NMR (100 MHz, CDCl3):  198.1, 179.8, 168.7, 144.8, 142.0, 138.6, 
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137.7, 135.7, 135.1, 134.0, 133.2, 129.7, 129.4, 129.03, 128.95, 49.5, 40.7, 21.02, 20.99, 

19.4, 18.6, 18.1, 17.8. Td = 277.12 ºC. IR (CH2Cl2): 2059, 1975 cm
-1

. 

 

 [(5.4)Ir(CO)2Cl] (5.4b). Under an atmosphere of ambient 

air, a 5 mL flask was charged with 4a (32.8 mg, 0.0450 mmol), 

CH2Cl2 (2 mL), and a stir bar. After stirring the resulting reaction 

mixture under a slight pressure of CO (balloon) for 24 h, the solvent was removed by 

evaporation under reduced pressure. Subsequent removal of residual 1,5-cyclooctadiene 

was aided by the repeated addition of minimal pentane followed by evaporation under 

reduced pressure to afford the desired product as a pale yellow powder (29.4 mg, 97% 

yield). 
1
H NMR (400 MHz, CDCl3):  7.38-7.31 (m, 2H, DIPP-aryl), 7.20-7.17 (m, 4H, 

DIPP-aryl), 3.96 (s, 1H, N-CH3), 3.89 (sep, 1H, J = 6.8, DIPP-CH), 3.37 (sep, 1H, J = 

6.8, DIPP-CH), 3.25 (sep, 1H, J = 6.8, DIPP-CH), 3.12 (sep, 1H, J = 6.4, DIPP-CH), 2.69 

(s, 3H, N-CH3), 1.45 (d, 3H, J = 6.8, DIPP-CH3), 1.41-1.39 (2 overlapping d, 6H, DIPP-

CH3), 1.36-1.33 (2 overlapping d, 6H, DIPP-CH3), 1.27 (d, 3H, J = 6.8, DIPP-CH3), 1.04 

(d, 3H, J = 6.8, DIPP-CH3), 0.97 (d, 3H, J = 6.8, DIPP-CH3). 
13

C NMR (100 MHz, 

CDCl3):  195.8, 177.2, 166.7, 144.40, 144.35, 143.0, 142.8, 142.4, 140.9, 128.1, 127.8, 

123.4, 123.2, 122.7, 122.6, 53.1, 46.4, 30.4, 30.0, 29.9, 28.8, 28.4, 28.0, 27.4, 27.1, 24.7, 

24.4, 24.1, 23.9. Td = 264 ºC. HRMS: [M+] calcd for C29H40N2O2IrCl: 676.2408; found: 

676.2408. IR (CH2Cl2): 2059, 1974 cm
-1

. Anal. calcd (%) for C29H40N2O2IrCl: C, 51.50; 

H, 5.96; N, 4.14. Found: C, 51.86, H, 6.05, N, 4.25. 
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Appendix A:  Additional Characterization for ADC–Ir Complexes 

SUMMARY OF NOESY NMR EXPERIMENT FOR 5.3A: 

 

Figure A.1 Solution structure of 5.3a as determined by a NOESY NMR experiment 
performed on a Varian direct drive 500 MHz spectrometer in CDCl3. The 
chemical shift assignments (in ppm) of the respective proton signals are 
noted in blue. 

DETERMINATION OF THE ACTIVATION PARAMETERS FOR THE CONVERSION OF 

SYN-5.3B → ANTI-5.3B: 

The conversion of syn-5.3b  anti-5.3b was monitored at 303 K, 323 K, and 350 K in 

toluene-d8 (initial concentration [syn-5.3b]0 = 1.03 × 10
-2

 M). The rate constants obtained 

from these kinetics experiments are summarized in Table A.1 and were used to generate 

the plot shown below in Figure A.2. Following reported procedures,
164

 the activation 

parameters for this process (at 30 °C) were calculated: ΔH
‡
 =  80.1 kJ mol

-1
, ΔS

‡
 = 68.0 J 

mol
-1 

K
-1

, ΔG
‡ 

= 59.5 kJ mol
-1

. 
 

Table A.1 Data used to generate the Eyring plot below.
a
 

1/T (K
-1

) k (min
-1

) k/T ln (k/T) 

3.30  10
-3

 4.40  10
-3

 1.33 0.288  
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3.10  10
-3

 1.90  10
-2

 6.14 1.181 

2.83  10
-3

 3.30  10
-1

 116 4.76 

a
 Conditions: toluene-d8 as solvent, [syn-5.3b]0 = 1.03  10

-2
 M. Conversions 

were determined by 
1
H NMR spectroscopy. 

 

 

Figure A.2 Plot of ln (k/T) versus (1/T), where k is the first-order rate constant (min
–1

) 

and T is the temperature (K) for the conversion of syn-5.3b   anti-5.3b. 

ADDITIONAL CRYSTAL STRUCTURES: 
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Figure A.3 Left: ORTEP diagram of 5.3 showing ellipsoids at 50% probability. 
Hydrogen atoms have been omitted for clarity. Key bond distances (Å), 
angles (°), and torsions (°): N1–C1, 1.351(2); N2–C1, 1.345(2); N1–C1–N2, 
119.4(2); C2–N1–C1–N2, 3.1(3); C3–N2–C1–N1, 179.4(2); C4–N1–C1–
N2, -178.2(2); C5–N2–C1–N1, 5.7(3). Right: ORTEP diagram of 5.4 
showing ellipsoids at 50% probability. Hydrogen atoms have been omitted 
for clarity. Key bond distances (Å) angles (°), and torsions (°): N1–C1, 
1.346(2); N2–C1, 1.344(2); N1–C1–N2, 120.3(1); C2–N1–C1–N2, -4.0(2); 
C3–N2–C1–N1, 179.8(1); C4–N1–C1–N2, 178.2(2); C5–N2–C1–N1, –
2.7(2). 
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Figure A.4 ORTEP diagram of 5.4c showing ellipsoids at 50% probability. Hydrogen 
atoms have been omitted for clarity. All values are given as averages of the 
two equivalent parameters in each half of the dimeric structure. Key bond 
distances (Å), angles (°), and torsions (°): Ir–C1, 1.985(6); Ir–C6, 1.935(5); 
Ir–O1, 2.164(5); Ir–Cl1, 2.379(2); N1–C1, 1.340(8); N2–C1, 1.333(8); Cl1–
Ir–C1, 92.6(2); N1–C1–N2, 125.2(5); O1–Ir1–O2, 81.9(2); O1–Ir1–C6, 
98.8(2); O1–Ir1–C1, 92.7(2); C3–N1–C1–N2, –177.8(6); C2–N2–C1–N1, 
1.3(9); C4–N1–C1–N2, –1(1); C5–N2–C1–N1, –179.5(5). 

EXPERIMENTAL DETAILS FOR X-RAY CRYSTALLOGRAPHY: 

The data for 5.3, 5.4, and syn-5.3b, and 5.4c were collected on a Rigaku AFC12 

diffractometer with a Saturn 724+ CCD using a graphite monochromator with MoK 

radiation ( = 0.71073Å). The data for 5.3a were collected on a Rigaku R-Axis Spider 

diffractometer with an image plate detector using a graphite monochromator with CuK 

radiation ( = 1.5418Å).  The data for 5.3, 5.3a, and syn-5.3b, 5.4, and 5.4c were 

collected at 100 K using a Rigaku XStream low temperature device. The data for 5.4a, 

anti-5.3b, and 5.4b were collected on a Nonius Kappa CCD diffractometer using a 

graphite monochromator with MoK radiation ( = 0.71073Å) at 153 K using an Oxford 

Cryostream low temperature device. Data reduction were performed using the Rigaku 

Americas Corporation’s Crystal Clear version 1.40
165

 or DENZO-SMN.
71 

The structure 

was solved by direct methods using SIR97
72

 and refined by full-matrix least-squares on 

F2 with anisotropic displacement parameters for the non-H atoms using SHELXL-97.
73

 

The hydrogen atoms on carbon were calculated in ideal positions with isotropic 

displacement parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl 

hydrogen atoms). The data for 5.3, 5.4, 5.3a, syn-5.3b, anti-5.3b, 5.4b, and 5.4c were 

checked for secondary extinction effects but no correction was necessary. For 5.4a, the 

absolute structure was determined by the method of Flack.
166

 The Flack x-parameter was 

refined to a small negative value that was very close to zero. The assignment of absolute 
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structure was corroborated by the Hooft method.
167

 The Hooft y-parameter was refined to 

0.037(2). In addition, the data for 5.4a were corrected for secondary extinction effects 

using the form:  Fcorr = kFc/[1  +  (2.8(2)x10-6)  Fc
2 3/(sin2)]0.25 where k is the 

overall scale factor. ). For 5.4c, the hydrogen atom on the hydroxide oxygen, O1A, could 

not be located in a ∆F map and was not included in the refinement model.  Neutral atom 

scattering factors and values were used to calculate the linear absorption coefficient are 

from the International Tables for X-ray Crystallography (1992).
74 Further 

crystallographic details may be found in the respective CIF files, which were deposited at 

the Cambridge Crystallographic Data Centre, Cambridge, UK. 
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Appendix B:  Electronic Tuning of N-Heterocyclic Carbene and 
Diaminocarbene Ligands

76
  

SUMMARY: 

The effect of tuning the electronic properties of N-heterocyclic carbene (NHC) 

ligands was evaluated in metal-mediated hydroboration reactions. Yields were two times 

lower when π-withdrawing substituents were incorporated into the NHC backbone 

relative to analogues bearing σ-withdrawing groups. This demonstrates the significance 

of the electronic nature of the interaction formed between NHC ligands and transition 

metals and provided valuable considerations for catalyst design. 
 

Table A.2 Summary of Rh-catalyzed hydroboration reactions using electronically-tuned 
NHCs.

a
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Entry R Rh catalyst %Yield
b
 E : Z : T

c
 

1 Ph 6-H 55
 

1.5 : 0.8 : 1.0 
2 Ph 6-Cl 42 1.3 : 0.0 : 1.0 
3 Ph 6-CF3 50 1.3 : 0.2 : 1.0 
4 Ph 6-NO2 

 

24 1.4 : 1.0 : 1.0 
5 Ph 6-CN 24 1.5 : 0.0 : 1.0 
6

 
Ph [Rh(COD)Cl]2 9

d
 2.2 : 1.1 : 1.0 

7 Ph none 0 
nd 

8 n-Hex 6-H 27 3.8 : 1.4 : 1.0 
9 n-Hex 6-Cl 28 4.5 : 1.5 : 1.0 
10 n-Hex 6-CF3 21

d 
4.1 : 1.5 : 1.0 

11 n-Hex 6-NO2 18
d 

3.8 : 0.9 : 1.0 
12 n-Hex 6-CN 21

d 
3.8 : 2.0 : 1.0 

13
 

n-Hex [Rh(COD)Cl]2 10
d 

4.8 : 0.0 : 1.0 
14 n-Hex none 0 

nd 

15
 

Ph [(IMes)Rh(COD)Cl] 26 4.5 : 1.6 : 1.0 
16 n-Hex [(IMes)Rh(COD)Cl] 50 4.3 : 0.7 : 1.0 
17 4-MeO-Ph 6-H 60 1.4 : 0.7 : 1.0 
18 4-NO2-Ph 6-H 30 1.3 : 0.4 : 1.0 
19 4-CN-Ph 6-H 33 1.3 : 0.3 : 1.0 
20 4-MeO-Ph 6-CF3 43 1.5 : 0.2 : 1.0 
21 4-NO2-Ph 6-CF3 17 1.4 : 0.3 : 1.0 
22 4-CN-Ph 6-CF3 32 1.2 : 0.3 : 1.0 
23 4-MeO-Ph 6-NO2 31 1.9 : 0.8 : 1.0 
24 4-NO2-Ph 6-NO2 20 1.7 : 0.4 : 1.0 
25 4-CN-Ph 6-NO2 28 1.2 : 0.4 : 1.0 

a 
HBpin = pinacolborane. General conditions: [pinacolborane]0 = 0.33 M (1.0 

equiv.), [Et3N]0 = 1.65 M (5.0 equiv.), [alkyne]0 = 0.4 M (1.2 equiv.), Rh complex (3 

mol%), THF, 14 h, 25 °C, unless otherwise noted. All reactions were performed in 

triplicate. 
b
Combined yield of all possible isomers, as determined from 

1
H NMR analysis 

of crude reaction mixtures using an internal standard (mesitylene or 1,3,5-

trimethoxybenzene). Unless otherwise noted, reported yields are ± 5%. 
c
Average ratios 

of the olefin regioisomers found; E: trans, Z: cis, T: terminal. 
d
Yield is ± 8%. COD = 

cis,cis-1,5-cyclooctadiene.  IMes = 1,3-dimesitylimidazolylidene. nd = not determined. 
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Appendix C:  Bimetallic N-Heterocyclic Carbene-Iridium Complexes: 
Investigating Metal-Metal and Metal-Ligand Communication via 

Electrochemistry and Phosphorescence Spectroscopy
69 

 

SUMMARY: 

Bimetallic [Ir(COD)Cl] and [Ir(ppy)2] (COD = 1,5-cyclooctadiene; ppy = 2-

phenylpyridyl) complexes bridged by 1,7-dimethyl-3,5-

diphenylbenzobis(imidazolylidene), in addition to their monometallic analogues 

supported by 1-methyl-3-phenylbenzimidazolylidene, were synthesized and studied. 

Electrochemical analyses indicated that the former facilitated moderate electronic 

coupling between [Ir(COD)Cl] units (ΔE = ~60 mV), but not [Ir(ppy)2]. The metal based 

oxidation potentials for the bimetallic complexes were within 20 mV of those for their 

monometallic analogues. Furthermore, spectroscopic analyses of the [Ir(ppy)2] bimetallic 

and monometallic complexes revealed nearly identical phosphorescence profiles, 

indicating that carbene coordination does not affect the energy of the emissive states. 

Collectively, these results suggest that N-heterocyclic carbenes (NHCs) such as 1,7-

dimethyl-3,5-diphenylbenzobis(imidazolylidene) could link together two emissive 

fragments without altering their fundamental phosphorescence profiles. Ultimately, 

employing multitopic NHCs as noninterfering molecular connectors could facilitate the 

rational design of new phosphorescent materials as well as second-generation phosphor 

dopants. 
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