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Abstract 

Chromium(VI) dialkyls are remarkably acidic, yielding a new set of anionic chromium 

alkylidenes upon deprotonation with KN(TMS)2.  We describe the characterization of 

three anionic chromium alkylidenes of the type [(ArN)2Cr(=CHR)(CH2R]- (R = tBu, 

SiMe3, Ph; Ar = 2,6-diisopropylphenyl).  NEt4[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)] 

has been structurally characterized by X-ray diffraction.  We have also studied the C-

H activation of cyclohexane effected by the transient neopentylidene 

(ArN)2Cr(=CHCMe3). This reaction generated a tri-nuclear chromium(IV) complex, 

namely ‘[Cr(NAr)2]3’, as well as the two organic products cyclohexene and neopentane. 

A probable intermediate in this reaction could be trapped by PPh3 to form 

(ArN)2Cr(PPh3)2.  The latter undergoes ligand substitution reactions with ethylene and 

CO to produce p-acid complexes of tetravalent chromium. 
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1. Introduction 

Transition metal alkylidenes have been a mainstay of organometallic chemistry ever 

since the initial report of an iconic tantalum neopentylidene by Schrock in 1974.1  

Their central role in olefin metathesis as well as a host of other transformations has 

nurtured the continuing interest in this class of compounds.2-5 Alkylidenes are well 

represented amongst the heavy group 6 elements in their hexavalent state, i.e., Mo(VI) 

and W(VI).6 However, analogous chromium alkylidenes are rare, which may be due to 

the general paucity of organometallic compounds of said metal in its highest formal 

oxidation state.  Coles et al. reported the preparation of (ArN)2Cr(=CHCMe3)L (Ar = 

2,6-diisopropylphenyl, L = THF and PMe3) in 1996,7 but for various reasons there 

ensued a hiatus in the exploration of the chemistry of these molecules.  Over the years, 

our own attempts to produce terminal alkylidenes of mid-valent chromium had been 

cruelly disappointed;8-10 therefore we eventually turned our attention to Cr(VI), the d0 

configuration of which stands to benefit so mightily from the p-donation of the carbene 

dianion.  Recently, we reported the first crystal structures of two chromium 

alkylidenes, namely (ArN)2Cr(=CHCMe3)(PPh3) and (ArN)2Cr(=CHSiMe3)(PPh3), as 

well as some observation regarding their reactivity.11  These molecules were generated 

by α-hydrogen abstraction of the corresponding dialkyls.  Notably, despite the 

availability of the corresponding precursors, this method failed to deliver a benzylidene 

or methylidene.  Herein we describe our attempts to broaden the scope of Cr(VI) 

alkylidene chemistry, and an exploration of their reactivity with simple hydrocarbons. 

 

2. Results and Discussion 

2.1 Synthesis of Alkylidene Anions 

Whereas sterically induced a-hydrogen abstraction from transition metal polyalkyls is 

a well-established path to alkylidenes, there are other synthetic routes to prepare such 

molecules.  For example, deprotonation of suitably activated metal alkyls with strong 

external base has proven effective.12  We wondered whether binding to an electron 



withdrawing Cr(VI) ion might render alkyl groups unusually acidic.  Indeed, we found 

that (ArN)2Cr(CH2SiMe3)2 could be deprotonated by moderately strong base, i.e. 

KN(SiMe3)2 (pKa = 26 in THF),13 yielding the anionic alkylidene ate complex 

K[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)] (see Scheme 1).  

 

 
 

Scheme 1 Synthesis of [(ArN)2Cr(=CHSiMe3)(CH2SiMe3)]- 

 

NMR spectroscopic characterization of the product showed a downfield singlet at 15.15 

ppm (1JCH = 127.5 Hz) assigned to the alkylidene a-hydrogen in the 1H NMR spectrum 

and a downfield singlet at 295.24 ppm assigned to the alkylidene carbon in the 13C 

NMR spectrum. These characteristic NMR features are consistent with the presence of 

an alkylidene ligand. K[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)] could be isolated as 

powder, but it did not crystallize well.  However, ion-exchange of the potassium salt 

with Et4NCl (see details in the Experimental Section) readily produced 

NEt4[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)].  Single crystals suitable for X-ray 

diffraction were grown by layering a THF solution of the latter with pentane. The 

molecular structure of Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)] is depicted in Figure 1; 

it features well separated ions.  The alkylidene and alkyl ligands are involved in a 

positional disorder, which was modeled with a site occupancy ratio of 62/38.  The 

alkylidene anion has a pseudo-tetrahedral coordination geometry (t4 = 0.90)14 with a 

short Cr=C bond (1.791(7) Å), which is similar to the alkylidene bond lengths in 

(ArN)2Cr(=CHCMe3)(PPh3) (1.848(5) Å) and (ArN)2Cr(=CHSiMe3)(PPh3) (1.843(4) 

Å).11  We suggest that the apparent shortening reflects the lesser steric bulk of the alkyl 

co-ligand compared to triphenylphosphine. 
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Figure 1 Molecular structure of Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)]. 

Ellipsoids are drawn at the 30% probability level. The Et4N+ cation and any hydrogen 

atoms besides the alkylidene hydrogen and the α-hydrogens of the alkyl ligand have 

been omitted for clarity.  Selected interatomic distances [Å] and angles [°]: Cr1 – N1, 

1.675(4); Cr1 – N2, 1. 670(4); Cr1 – C25, 1.791(7; Cr1 – C29, 2.131(8); N1 – Cr – N2, 

120.3(2); C25 – Cr1 – C29, 103.0(4); N1 – Cr1 – C25, 112.1(3); N1 – Cr1 – C29, 

104.0(3); N2 - Cr1 – C25, 111.8(3); N2 – Cr1 – C29, 103.2(3). 

 

The alkylidene anion [(ArN)2Cr(=CHSiMe3)(CH2SiMe3)]- could also be prepared 

independently via a ligand substitution of (ArN)2Cr(=CHSiMe3)(THF), in turn 

prepared by heating (ArN)2Cr(CH2SiMe3)2 in THF to 80 ºC, with Me3SiCH2Li (see 

Scheme 1).  The lithium salt so formed, Li[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)], has a 
1H NMR spectrum that is identical to that of K[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)]. 

This success in making an alkylidene by deprotonating the dialkyl 

(ArN)2Cr(CH2SiMe3)2 inspired us to extend this method of preparation to compounds 

that had hitherto not yielded alkylidenes. Thus dibenzyl chromium complex 

(ArN)2Cr(CH2Ph)2 was also deprotonated successfully by KN(SiMe3)2, yielding an 



ionic benzylidene compound, namely K[(ArN)2Cr(=CHPh)(CH2Ph)] (see Scheme 2). 

After ion-exchange with Et4NCl, Et4N[(ArN)2Cr(=CHPh)(CH2Ph)] can be crystallized 

by layering its THF solution with pentane.  1H NMR and 13C NMR spectra were 

consistent with the formation of the benzylidene ate complex. The peak of the 

benzylidene hydrogen was found at 13.92 ppm in the 1H NMR spectrum and the 

resonance at 291.74 ppm in the 13C NMR spectrum was assigned to the benzylidene 

carbon. 

 

 
 

Scheme 2 Synthesis of ionic benzylidene [(ArN)2Cr(=CHPh)(CH2Ph)]- 

 

Curiously, in our hands attempts to deprotonate (ArN)2Cr(CH2CMe3)2 with 

KN(SiMe3)2 yielded only an intractable mixture of unidentified products rather than the 

expected K[(ArN)2Cr(=CHCMe3)(CH2CMe3)]. This was a surprise, as the neutral 

neopentylidenes, i.e., (ArN)2Cr(=CHCMe3)(L) (L = THF, PMe3, PPh3), are the most 

readily formed.7, 11  Apparently, this is not for want of stability of the desired ate 

complex, because Li[(ArN)2Cr(=CHCMe3)(CH2CMe3)] was generated successfully via 

addition of NpLi to a THF solution of (ArN)2Cr(=CHCMe3)(THF) (see Scheme 3). The 

resonance of its alkylidene hydrogen was found at 13.41 ppm (1JCH = 128.0 Hz) in the 
1H NMR spectrum and the alkylidene carbon has a shift of 306.91 ppm in the 13C NMR 

spectrum. 

 

 
Scheme 3 Synthesis of anionic neopentylidene Li[(ArN)2Cr(=CHCMe3)(CH2CMe3)] 
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The range of accessible Cr(VI) alkylidenes thus comprises neopentylidenes, 

trimethylsilylmethylidenes and benzylidenes, and both neutral and anionic complexes.  

We have no reason to believe that differently substituted molecules, both at the a-

carbon and the chromium, should be out of synthetic reach.  Our continuing 

exploration may produce further examples. 

 

2.2 C-H activation with alkylidenes 

The transient neopentylidene produced by elimination of neopentane from 

(ArN)2Cr(CH2CMe3)2 was reported to activate the C-D bonds of C6D6.7  In the same 

vein, we found that it also reacts with saturated hydrocarbons.  Thus, prolonged 

exposure of (ArN)2Cr(CH2CMe3)2 to SiMe4 first produced 

(ArN)2Cr(CH2CMe3)(CH2SiMe3) and finally (ArN)2Cr(CH2SiMe3)2.11  These alkyls 

are of course particular in not being subject to facile b-hydrogen elimination.  In order 

to find out how a reaction with hydrocarbons containing b-hydrogen would evolve, we 

investigated the reaction of (ArN)2Cr(CH2CMe3)2 with cyclohexane.  The reaction 

proceeds at room temperature and yields the products shown in Scheme 4. 

 

 
Scheme 4 C-H bond activation of cyclohexane initiated by (ArN)2Cr(CH2CMe3)2 

 

Over the course of 3 days, the green color of cyclohexane solutions of 

(ArN)2Cr(CH2CMe3)2 changed to a reddish purple.  Standard work-up of such a 

solution yielded crystals of the metal containing product, which was structurally 

characterized by X-ray diffraction.  Its molecular structure is depicted in Figure 2; the 

molecule is formally a trimer of the Cr(NAr)2 fragment (for simplicity’s sake it will 

therefore be referred to as ‘[Cr(NAr)2]3’), albeit having undergone a tautomerization 
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involving transfer of an isopropyl hydrogen atom to an imido nitrogen.  

       

Figure 2.  The molecular structure of trinuclear ‘[Cr(NAr)2]3’. Ellipsoids are drawn 

at the 30% probability level. Hydrogen atoms besides the amido hydrogens (H3N) 

have been omitted for clarity. Aromatic rings and isopropyl groups are drawn in 

wireframe representation for clarity.  Selected interatomic distances [Å] and angles 

[°]: Cr1A – Cr2, 2.5440(4); Cr1A – N1, 1.792(2); Cr1A – N2, 1.763(2); Cr1A – N3, 

1.836(2); Cr1A – C20, 2.040(3); Cr2 – N1, 1.862(2); Cr2 – N2, 1.889(2); N1 – Cr1A 

– N2, 94.92(10); N1 – Cr1A – N3, 128.78(11); N2 – Cr1A – N3, 109. 02(12); C20 – 

Cr1A – N1, 109.54(13); C20 – Cr1A – N2, 91.96(13); C20 – Cr1A – N3, 113.95 (12); 

N1 – Cr2 – N1, 117.12(14); N1 – Cr2 – N2, 132.89(12); N2 – Cr2 – N2, 102(08(13). 

 

The three chromium centers of the trinuclear complex form a roughly linear 

arrangement (Cr1A-Cr2-Cr1A, 171.43(3)°) and all three metal atoms have pseudo-

tetrahedral coordination environments (Cr1A: t4 = 0.83, Cr2: t4 = 0.67).14  While the 

resulting Cr-Cr distances are short (Cr1A - Cr2, 2. 5440(4) Å), the structure does not 

provide any corroborating evidence for significant metal-metal bonding.  Notably, 

though, the acquisition of sharp 1H and 13C NMR spectra indicates that ‘[Cr(NAr)2]3’ 

- best described as all Cr(IV) (d2) - is diamagnetic.  The amido hydrogen H3N was 

assigned on N3 due to the long distance between Cr1A and N3 (1.836(2) Å), which is 

obviously longer than a terminal Cr=N imido bond (around 1.64 Å).15-20 The 



relatively small angle of Cr1A-N3-Cipso, Ar (139.1(2)º)  is also consistent with the 

assignment as an amido ligand.  A band at 3340 cm-1 in the IR spectrum is the 

requisite N-H stretching vibration. Besides, LIFDI-MS data also agree with the 

molecular formula of Cr3C72H102N6. As an aside, the solid state structure of 

‘[Cr(NAr)2]3’ exhibits a case of intramolecular π-stacking between the two aromatic 

rings with the C-H activated isopropyl groups. The distance between the centroids of 

these two rings is 3.853 Å with a dihedral angle of 7.72º. The interaction between the 

two rings may be described as an example of intramolecular parallel offset π-

stacking.21-22  

To fully understand the mechanism of formation of ‘[Cr(NAr)2]3’, the organic 

byproducts of this reaction needed to be identified. To this end, the reaction was set up 

in a sealed and degassed glass vessel.  1H NMR analysis of the volatile products 

(including the large excess of cyclohexane) revealed the formation of neopentane and 

cyclohexene in the ratio of 2.06:1. Based on these observations, Scheme 5 shows a 

proposed mechanism of the reaction of (ArN)2Cr(CH2CMe3)2 with cyclohexane. 
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Scheme 5 A proposed mechanism for the formation of ‘[Cr(NAr)2]3’ 

 

Chromium dialkyl (ArN)2Cr(Np)2 undergoes α-hydrogen abstraction to yield 

neopentane and a coordinatively unsaturated neopentylidene, which then reacts with 

cyclohexane to produce a mixed chromium dialkyl, i.e., (ArN)2Cr(Np)(Cy). Due to the 

β-hydrogen on the cyclohexyl group, this mixed alkyl intermediate is unstable and 

presumably decomposes via β-hydrogen elimination, yielding cyclohexene, and 

followed by reductive elimination of the second equivalent of neopentane to leave the 

two-coordinate Cr(IV) intermediate Cr(NAr)2.  Due to its coordinative unsaturation, 

the latter is likely to oligomerize; indeed, it apparently trimerizes. In the last step, the 

terminal imido reacts rapidly with a C-H bond of isopropyl methyl, yielding the final 

product, ‘[Cr(NAr)2]3’. 

In support of this proposed mechanism, and particularly the intermediate formation of  

CrIV(NAr)2, the latter can be trapped by PPh3 to form a stable complex, i.e. 

(ArN)2Cr(PPh3)2. When (ArN)2Cr(Np)2 and two equivalents of PPh3 were dissolved in 

cyclohexane and stirred at room temperature for three days, the color of the solution 

changed from green to brown. The molecular structure of the product, (ArN)2Cr(PPh3)2, 

has been determined by X-ray diffraction and it is depicted in Figure 3. 

(ArN)2Cr(PPh3)2 features pseudo-tetrahedral coordination geometry (t4 = 0.82)14 about 

chromium and crystallographic C2 symmetry with the largest bond angle, i.e. N1-Cr1-

N1, 133.66(7)º, being significantly opened up compared to bis(imido) chromium 

dialkyls and even alkylidenes.15, 17-19 The imido bonds of (ArN)2Cr(PPh3)2 (Cr1-N1, 

1.6934(10) Å) are slightly longer than those of those bis(imido) chromium(VI) 

complexes, consistent with  the lower formal oxidation state of chromium. As 

indicated by the sharp NMR spectra (1H NMR, 13C NMR, and 31P NMR), this Cr(IV) 

complex is also diamagnetic. 

It is interesting to note that the above trapping reaction differs in its outcome from the 

thermal decomposition of (ArN)2Cr(Np)2 in the presence of PPh3, when carried out in 

THF.  The latter, of course, yielded (ArN)2Cr(=CHCMe3)(PPh3).11 This observation 

suggests that the 3-coordinate alkylidene intermediate, (ArN)2Cr(=CHCMe3), is so 



exquisitely reactive that it foregoes any selectivity, binding the first molecule it 

encounters – be it THF or cyclohexane. 

(ArN)2Cr(PPh3)2 can also be prepared independently by reduction of (ArN)2CrCl2 with 

Mg in the presence of PPh3, a synthetic route that had previously been used to prepare 

(ArN)2Cr(L)2 with L = PMe3, PMe2Ph.23  Despite the d2 configuration in 

approximately tetrahedral coordination environment, all complexes of this type (see 

also below) are diamagnetic.  By way of explanation, one may note the isolobality of 

imido and cyclopentadienyl donors, or – more pertinently – the bent (RN)2M and Cp2M 

fragments.24  The frontier orbitals of the latter have been extensively analyzed,25 and 

by extension this analysis is consistent with a single d-orbital of lowest energy for all 

(ArN)2CrIVL2.  While there are not many examples of Cp2CrIV compounds, the 

representative [Me4C2(η5-C5H4)(η5-C5H3B(C6F5)3)]Cr(CN)CNXyl is diamagnetic, as 

expected.26 

 
 

Figure 3. The molecular structure of (ArN)2Cr(PPh3)2. Ellipsoids are drawn at the 30% 

probability level. Hydrogen atoms have been omitted for clarity. Selected interatomic 

distances [Å] and angles[°]: Cr1 – N1, 1.6934(10); Cr1 – P1, 2.3210(3); N1 – Cr – N1a, 

133.66(7); N1 – Cr – P1, 102.60(3); N1 – Cr – P1a, 103.42(3); P1 – Cr – P1a, 



110.217(18). 

2.3 Ligand Substitution of (ArN)2Cr(PPh3)2 

Upon exposure to p-acid ligands, such as ethylene and carbon monoxide, one phosphine 

ligand of (ArN)2Cr(PPh3)2 can be replaced, yielding (ArN)2Cr(PPh3)(C2H4) and 

(ArN)2Cr(PPh3)(CO), respectively, in situ. (see Scheme 6).  

 

 
Scheme 6 Ligand substitutions of (ArN)2Cr(PPh3)2 with ethylene or CO 

 

The ethylene adduct was characterized in solution, under ethylene (1atm), with multi-

nuclear NMR spectroscopy, 2D-NMR HSQC, and LIFDI-MS. Notably, the ethylene 

ligand gives rise to two distinct 1H NMR resonances, indicating that its rotation is slow 

on the NMR time scale.  Upon removal of the ethylene gas, the ethylene adduct 

reverted to (ArN)2Cr(PPh3)2 due to the presence of free phosphine in the solution.  

(ArN)2Cr(PPh3)(CO), while initially formed and spectroscopically characterized (nC-O 

= 1932 cm-1), proved unstable at room temperature. It slowly decomposed to 

(ArN)Cr(PPh3)(CO)3, yielding an equivalent of the aryl isocyanate ArNCO as the 

organic byproduct (see Scheme 7).  

 

Scheme 7 Decomposition of (ArN)2Cr(PPh3)(CO) 

 

The formation of (ArN)Cr(PPh3)(CO)3 was supported by NMR spectroscopy and 

LIFDI-MS.  ArNCO was identified by comparison of NMR spectra (1H , 13C) of the 

reaction solution with those of authentic ArNCO.  Eventually, (ArN)Cr(PPh3)(CO)3 

reacted further with free phosphine and slowly transformed into (ArN)Cr(PPh3)2(CO)2. 

The crystal structure of this final product, a terminal imido complex of divalent 

chromium, was determined by X-ray diffraction (see the Supplementary Information).   
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Conclusions 

We have found that Cr(VI) dialkyls of the type (ArN)2Cr(CH2R)2 are relatively acidic 

and can be readily deprotonated with KN(TMS)2.  In this way we have prepared and 

characterized multiple anionic chromium alkylidenes, thereby extending the scope of 

known chromium alkylidenes to now include a benzylidene. The coordinatively 

unsaturated neopentylidene intermediate (ArN)2Cr=CHCMe3 is highly reactive 

towards hydrocarbons such as cyclohexane. The inorganic product of this reaction, the 

trinuclear CrIV complex ‘[Cr(NAr)2]3’ has been structurally characterized and we have 

proposed a mechanism to account for the formation of this compound and the organic 

products of the reaction. A probable intermediate of the reaction was trapped by PPh3 

to form an isolable phosphine adduct. The latter showed ligand substitution reactivity 

with ethylene and carbon monoxide. 

 

Experimental Section 

General Considerations. All manipulations were carried out with standard Schlenk, 

vacuum line, and glovebox techniques. Pentane, diethyl ether, toluene and 

tetrahydrofuran were dried by passing through activated alumina and were degassed 

prior to use. THF-d8 and C6D6 were purchased from Cambridge Isotopes Laboratory, 

dried with sodium and stored under vacuum over Na/K alloy. Grignard reagents, PPh3, 

KN(SiMe3)2, Et4NCl and cyclohexane were purchased from Sigma Aldrich. 

Cyclohexane was dried with molecular sieves and stored in an inert atmosphere glove 

box. (ArN)2CrCl2,16 (ArN)2Cr(CH2Ph)2,27 (ArN)2Cr(CH2CMe3)2,7 and 

(ArN)2Cr(CH2SiMe3)2 11 (Ar = 2,6-diisopropylpenyl) were prepared according to the 

literature procedures. 
1H NMR spectra were taken on a Bruker AVIII-400 spectrometer and were referenced 

to the residual protons of the solvent (C6D5H = 7.16 ppm, THF-d7 = 3.58 ppm and 1.72 

ppm). 13C NMR spectra were taken on a Bruker AVIII-400 spectrometer or a Bruker 

AVIII600 spectrometer and were referenced to the naturally abundant 13C of the solvent 



(C6D6 = 128.06 ppm, THF-d8 = 67.21 ppm and 25.31 ppm). FT-IR spectra were 

obtained using a Nicolet Magna-IR 560 spectrometer with a resolution of 4 cm-1. UV-

vis spectra were obtained using a SILVER-Nova-TEC-X2 equipped with SL1-LED, 

which was purchased from StellarNet Inc. X-ray crystallographic studies were 

conducted in the X-ray Crystallographic Laboratory at the University of Delaware. 

Elemental analyses were obtained from Robertson Microlit, Ledgewood, NJ. LIFDI-

MS were obtained using a Waters GCT Premier high-resolution time-of-flight mass 

spectrometer by liquid injection field desorption ionization (LIFDI-MS).28 

 

K[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)], Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)]: 

(ArN)2Cr(CH2SiMe3)2 (0.230 g, 0.400 mmol) was dissolved in 50 mL THF giving a 

green solution. 1 equiv. of KN(SiMe3)2 (0.080 g, 0.400 mmol) was added into the 

green solution at room temperature. The solution was stirred for 1 hour during which 

time the color changed to brown and then finally to red. All volatile solvents were 

removed in vacuum. The residue was washed with pentane and filtered to give the 

product as powder. Yield: 0.222 g, 91%. It was then dissolved in THF, giving a bright 

red solution. 1 equiv. of Et4NCl (0.060 g, 0.361 mmol) was added to the red solution 

at room temperature. The solution was stirred for 4 hours during which time no color 

change was observed. The solvent was removed in vacuum and the residue was re-

dissolved in a small amount of THF. KCl was removed by filtering the THF solution. 

Crystalline product was obtained from recrystallization by layering the THF solution 

with pentane (volume ratio = 1 : 2) at -30 °C. Characterization for 

K[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)]: 1H NMR (400 MHz, THF-d8): δ 15.15 (s, 1JCH 

= 127.5 Hz, 1 H, CHSiMe3), 6.73 (d, 2 H, Hmeta of ArN), 6.67 (d, 2 H, Hmeta of ArN), 

6.48 (t, 1 H, Hpara of ArN), 6.39 (t, 1 H, Hpara of ArN), 4.13 (sept, 2 H, CHMe2), 3.88 

(sept, 2 H, CHMe2), 1.15 (d, 6H, CHMe2), 1.13 (d, 6H, CHMe2), 1.01 (d, 6 H, 

CHMe2), 0.84 (d, 6 H, CHMe2), 0.18 (s, 2 H, CH2SiMe3), 0.03 (s, 9 H, =CHSiMe3), -

0.09 (s, 9 H, CH2SiMe3) ppm. 13C(1H) NMR (150 MHz, THF-d8) δ 295.24 

(CHSiMe3), 158.66 (Cipso), 158.55 (Cipso), 140.88 (Cortho), 139.65 (Cortho), 120.44 

(Cpara), 120.33 (Cpara), 118.36 (Cmeta), 117.24 (Cmeta), 27.58 (CHMe2), 27.07 



(CHMe2), 23.71 (CHMe2), 23.54 (CHMe2), 22.83 (CHMe2), 22.43 (CHMe2), 14.11 

(CH2SiMe3), 2.28 (=CHSiMe3), 2.13 (CH2SiMe3) ppm. IR (KBr, cm-1): 3052 (w), 

2959 (s), 2866 (w), 1576 (w), 1460 (w), 1413 (m), 1381 (w), 1359 (w), 1331 (s), 1282 

(s), 1244 (m), 1216 (w), 1096 (w), 991 (w), 942 (w), 906 (w), 847 (s), 795 (w), 754 

(m), 718 (w), 680 (w). UV-vis (THF): λmax (ε) = 250 (2.3*105), 311 (1.1*105), 430 

(3.9*104) (M-1cm-1). Anal. Calcd. for C32H55CrN2Si2K: C, 62.49; H, 9.01; N, 4.55. 

Found: C, 59.14; H, 8.72; N, 4.24. M.P.: 235 °C.  

Characterization for Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)]: 1H NMR (400 MHz, 

THF-d8): δ 15.17 (s, 1JCH = 126.5 Hz, 1 H, CHSiMe3), 6.75 (d, 2 H, Hmeta of ArN), 

6.69 (d, 2 H, Hmeta of ArN), 6.49 (t, 1 H, Hpara of ArN), 6.40 (t, 1 H, Hpara of ArN), 

4.13 (sept, 2 H, CHMe2), 3.89 (sept, 2 H, CHMe2), 3.24 (q, 8 H, CH2CH3), 1.25 (br, 

12 H, CH2CH3), 1.16 (d, 6H, CHMe2), 1.15 (d, 6H, CHMe2), 1.03 (d, 6 H, CHMe2), 

0.85 (d, 6 H, CHMe2), 0.19 (s, 2 H, CH2SiMe3), 0.05 (s, 9 H, =CHSiMe3), -0.08 (s, 9 

H, CH2SiMe3) ppm. 13C{1H} NMR (150 MHz, THF-d8) δ 296.17 (CHSiMe3), 159.50 

(Cipso), 159.39 (Cipso), 141.68 (Cortho), 140.49 (Cortho), 121.28 (Cpara), 121.17 (Cpara), 

119.14 (Cmeta), 118.04 (Cmeta), 52.76 (CH2CH3), 28.37 (CHMe2), 27.85 (CHMe2), 

24.53 (CHMe2), 24.30 (CHMe2), 23.64 (CHMe2), 23.19 (CHMe2), 14.98 (CH2SiMe3), 

7.33 (CH2CH3), 3.06 (=CHSiMe3), 2.91 (CH2SiMe3) ppm. 

 

(Et4N)[(ArN)2Cr(=CHPh)(CH2Ph)]: (ArN)2Cr(CH2Ph)2 (0.168 g, 0.288 mmol) was 

dissolved in 50 mL THF giving a green brown solution. 1 equiv. of KN(SiMe3)2 

(0.058 g, 0.288 mmol) was added into the solution at room temperature. The solution 

was stirred for 45 minutes during which time the color changed to red. The solvent 

was then removed in vacuum and the residue was washed with pentane. Filtering 

pentane solution would give K[(ArN)2Cr(=CHPh)(CH2Ph)] as powder (0.144 g, 80 

%). It was then dissolved in THF giving a bright red solution. 1 equiv. of Et4NCl 

(0.039 g, 0.232 mmol) was added to red solution at room temperature. The solution 

was stirred for 4 hours during which time no color change was observed. The solvent 

was removed in vacuum and the residue was re-dissolved in a small amount of THF. 

KCl was removed by filtering the THF solution. Crystalline product was obtained 



from recrystallization by layering the THF solution into pentane (volume ratio = 1 : 2) 

at -30 °C. Yield: 0.150 g, 73 %. 1H NMR (400 MHz, THF-d8): δ 13.92 (s, 1 H, 

CHPh), 7.38 (d, 2 H, Ar), 6.96, (t, 2 H, Ar), 6.86 (d, 2 H, Ar), 6.79 (d, 2 H, Ar), 6.76 

(d, 2 H, Ar), 6.70 (t, 2 H, Ar), 6.53 (quintet, 3 H, Ar), 6.40 (t, 1 H, Ar), 4.03 (sept, 2 

H, CHMe2), 3.88 (sept, 2 H, CHMe2), 3.08 (broad, 8 H, CH2CH3 of Et4N), 2.80 (d, 1 

H, CH2Ph), 2.64 (d, 1 H, CH2Ph), 1.15 (broad, 18 H, CH2CH3 of Et4N and CHMe2), 

1.05 (d, 6 H, CHMe2), 1.01 (d, 6 H, CHMe2), 0.97 (d, 6 H, CHMe2) ppm. 13C{1H} 

NMR (150 MHz, THF-d8) δ 291.74 (CHPh), 159.66 (Ar), 158.93 (Ar), 158.36 (Ar), 

150.59 (Ar), 142.27 (Ar), 141.48 (Ar), 128.56 (Ar), 127.26 (Ar), 126.86 (Ar), 126.52 

(Ar), 122.10 (Ar), 121.54 (Ar), 121.39 (Ar), 119.93 (Ar), 119.06 (Ar), 119.01 (Ar), 

52.86 (CH2CH3 of Et4N), 41.19 (CH2Ph), 28.46 (CHMe2), 28.11 (CHMe2), 24.11 

(CHMe2), 24.03 (CHMe2), 24.00 (CHMe2), 23.80 (CHMe2), 7.39 (CH2CH3 of Et4N) 

ppm. IR (KBr, cm-1): 3045 (w), 2957 (m), 2865 (w), 1576 (w), 1483 (m), 1461 (w), 

1413 (s), 1392 (w), 1355 (w), 1327 (s), 1279 (s), 1208 (w), 1171 (w), 1096 (w), 980 

(w), 769 (w), 753 (m), 698 (w), 691 (w). UV-vis (THF): λmax (ε) = 289 (1.0*105), 

412.5 (3.9*104), 509.5 (2.1*104) (M-1cm-1). Anal. Calcd. for C46H67CrN3: C, 77.38; H, 

9.46; N, 5.88. Found: C, 76.59; H, 9.37; N, 5.71. M.P.: 132 °C. 

 

Li[(ArN)2Cr(=CHCMe3)(CH2CMe3)]: (ArN)2Cr(CH2CMe3)2 (0.050 g, 0.091 mmol) 

was dissolved in 10 mL THF giving a green solution. The solution was stirred at room 

temperature for 3 days, during which time color changed from green to red. Then 1 

equiv. of NpLi (0.18 mL, 0.5 M in pentane) was added to the THF solution. The 

solution was stirred at room temperature for 1 hour. All volatile solvents were 

removed by vacuum. The residue was washed with pentane and filter to give powder 

product (0.037 g, 73%). 1H NMR (400 MHz, THF-d8): δ 13.41 (s, 1 H, CHCMe3), 

6.72 (d, 2 H, Hmeta of ArN), 6.63 (d, 2 H, Hmeta of ArN), 6.43 (t, 1 H, Hpara of ArN), 

6.35 (t, 1 H, Hpara of ArN), 4.29 (sept, 2 H, CHMe2), 3.91 (sept, 2 H, CHMe2), 1.83 

(d, 1 H, CH2CMe3), 1.58 (d, 1 H, CH2CMe3), 1.22 (s, 9 H, CHCMe3), 1.18 (d, 6H, 

CHMe2), 1.12 (d, 6H, CHMe2), 1.02 (d, 6 H, CHMe2), 0.99 (s, 9 H, CH2CMe3), 0.84 

(d, 6 H, CHMe2) ppm. 13C{1H} NMR (100 MHz, THF-d8) δ 306.91 (CHCMe3) 



159.56 (Cipso), 158.98 (Cipso), 141.33 (Cortho), 141.31 (Cortho), 121.14 (Cpara), 121.04 

(Cpara), 118.15 (Cmeta), 117.33 (Cmeta), 51.84 (CH2CMe3), 45.58 (CHCMe3), 35.71 

(CHCMe3), 33.95 (CH2CMe3), 32.84 (CH2CMe3), 28.40 (CHMe2), 27.81 (CHMe2), 

24.47 (CHMe2), 24.19 (CHMe2), 23.70 (CHMe2), 23.28 (CHMe2) ppm. IR (KBr, cm-

1): 2960 (s), 2868 (m), 1539 (s), 1461 (w), 1323 (w), 1264 (m), 1207 (m), 1174 (m), 

1045 (m), 1014 (w), 987 (w), 830 (w), 753 (w), 513 (m). M.P.: 115 °C. 

 

‘[Cr(NAr)2]3’: (ArN)2Cr(CH2CMe3)2 (0.100 g, 0.184 mmol) was dissolved in 10 mL 

cyclohexane giving a green solution. The solution was stirred for 3 days at room 

temperature during which time color changed to red purple. Cyclohexane was then 

removed in vacuum and the residue was extracted with pentane. The extract was 

filtered through Celite. The filtrate was concentrated to 1 mL then cooled to -30 °C 

overnight to yield red purple crystals. Yield: 0.056 g, 76 %. 1H NMR (400 MHz, 

C6D6): δ 7.67 (broad, 2 H, NHAr), 7.13−6.77 (Ar), 3.23 (broad, 4 H, CH(CH2)Me), 

2.62 (sept, 4 H, CHMe2), 2.32 (sept, 4 H, CHMe2), 1.87 (broad, 2 H, CH(CH2)Me), 

1.65 (sept, 4 H, CHMe2), 1.16 (d, 6 H, CH(CH2)(CH3)), 1.09 (d, 12 H, CHMe2), 1.08 

(d, 12 H, CHMe2), 0.61 (d, 12 H, CHMe2), 0.49 (d, 12 H, CHMe2), 0.37 (d, 12 H, 

CHMe2) ppm. 13C{1H} NMR (150 MHz, C6D6): δ 169.62 (Cipso), 165.10 (Cipso), 

152.90 (Cipso), 138.53 (Ar), 137.32 (Ar), 137.07 (Ar), 134.81 (Ar), 126.07 (Ar), 

125.84 (Ar), 124.89 (Ar), 124.22 (Ar), 123.92 (Ar), 123.55 (Ar), 122.11 (Ar), 40.61 

(CH(CH2)Me), 29.03 (CHMe2), 28.35 (CHMe2), 28.11 (CHMe2), 27.69 (CHMe2), 

24.49 (CHMe2), 24.38 (CHMe2), 24.10 (CH(CH2)Me), 23.94 (CHMe2), 23.53 

(CHMe2), 22.43 (CHMe2), IR (KBr, cm-1): 3340 (w), 3055 (w), 2960 (s), 2927 (m), 

2868 (m), 2795 (w), 1460 (m), 1427 (w), 1383 (w), 1361 (w), 1314 (w), 1244 (w), 

1200 (w), 1111 (w), 1045 (w), 1006 (w), 930 (w), 886 (w), 858 (w), 798 (w), 750 (m), 

658 (w). MS(LIFDI) m/z: 1207.5747 [M+]. Calcd. m/z: 1207.6407 [M+]. M.P.: 176 

°C. 

 

(ArN)2Cr(PPh3)2: Method A: (ArN)2Cr(CH2CMe3)2 (0.100 g, 0.184 mmol) was 

dissolved in 10 mL cyclohexane giving a green solution. 2 equivalents of PPh3 (0.096 



g, 0.368 mmol) were added into solution. The solution was stirred for 3 days at room 

temperature during which time color changed to brown. Cyclohexane was then 

removed in vacuum and the residue was washed with pentane and filtered. The filter 

cake was dissolved in Et2O and then concentrated to 1 mL. Yellow brown crystals 

were formed at room temperature in one day. Yield: 0.094 g, 55 %. Method B: 

(ArN)2CrCl2 (0.200 g, 0.423 mmol) was dissolved in 20 mL THF giving a red 

solution. 20 equivalents of magnesium chips (0.205 g, 8.439 mmol) and 2 equivalents 

of PPh3 (0.222 g, 0.846 mmol) were added into solution. The solution was stirred for 

2 days at room temperature during which time color changed to brown. THF was then 

removed in vacuum and the residue was washed with pentane and filtered. The filter 

cake was dissolved in Et2O and then concentrated to 1 mL. Yellow brown crystals 

were formed at room temperature in one day. This synthesis method is modified from 

a procedure of making (ArN)2Cr(PMe3)2, which was reported by Gibson.29 1H NMR 

(400 MHz, C6D6): δ 7.48 (m, 12 H, Hortho of PPh3), 7.16 (Hpara of PPh3, overlap with 

C6D6, ppm), 6.87 (m, 18 H, Hmeta of PPh3 and H of ArN), 3.98 (br, 4 H, CHMe2), 0.93 

(d, 24 H, CHMe2) ppm. 13C{1H} NMR (150 MHz, C6D6): δ 160.49 (Cipso of ArN), 

144.66 (Cortho of ArN), 137.39 (Cipso of PPh3), 134.60 (Cortho of PPh3), 129.32 (Cmeta of 

PPh3), 128.06 (Cmeta of ArN and Cpara of ArN, overlap with C6D6), 123.51 (Cpara of 

PPh3), 28.21 (CHMe2), 24.70 (CHMe2) ppm. 31P{1H} NMR (162 MHz, C6D6): δ 

102.87 ppm. IR (KBr, cm-1): 3048 (w), 2960 (m), 2924 (w), 2865 (w), 1478 (w), 1458 

(w), 1434 (s), 1416 (w), 1380 (w), 1319 (w), 1264 (s), 1086 (w), 975 (w), 796 (w), 

747 (m), 695 (s), 527 (m), 517 (s), 507 (s). UV-vis (THF): λmax (ε) = 258 (6.6*104), 

421 (1.1*104) (M-1cm-1). Anal. Calcd. for C60H64CrN2P2: C, 77.73; H, 6.96; N, 3.02. 

Found: C, 77.72; H, 6.92; N, 2.97. M.P.: 175 °C. 

  

(ArN)2Cr(PPh3)(C2H4): (ArN)2Cr(PPh3)2 (10 mg) was added into a J-Young tube. 

Then approximate 0.5 mL of C6D6 was added into the tube through vacuum transfer. 

One atmosphere of ethylene was charged into the tube. A color change from dark 

brown to light brown was observed immediately. This ethylene adduct was 

characterized with NMR spectroscopy and LIFDI-MS. 1H NMR (400 MHz, C6D6): δ 



7.71 (m, 6 H, Hortho of PPh3), 7.05 (m, 13 H, 3 H from Hpara of free PPh3, 6 H from 

Hmeta of free PPh3 and 4 H from Hmeta of ArN), 7.01 (m, 2 H, Hpara of ArN), 6.96 (m, 9 

H, Hpara of PPh3 and Hmeta of PPh3), 3.88 (sept, 4 H, CHMe2), 3.12 (t, 2 H, C2H4, trans 

to PPh3), 2.35 (dt, 2 H, cis to PPh3), 1.09 (d, 12 H, CHMe2), 0.98 (d, 12 H, CHMe2) 

ppm. 13C{1H} NMR (150 MHz, C6D6): δ 158.24 (Cipso of ArN), 145.19 (Cortho of 

ArN), 134.70 (Cortho of PPh3), 133.73 (Cipso of PPh3), 130.20 (Cpara of PPh3), 128.56 

(Cmeta of PPh3), 124.73 (Cpara of ArN), 122.75 (Cmeta of ArN), 58.18 (d, JPC = 8.8 Hz, 

coordinated C2H4, cis to PPh3), 46.98 (s, coordinated C2H4, trans to PPh3), 28.38 

(CHMe2), 24.12 (CHMe2), 23.86 (CHMe2) ppm. 31P{1H} NMR (162 MHz, C6D6): δ 

81.82 ppm. MS(LIFDI) m/z: 692.3369 [M+]. Calcd. m/z: 692.3351 [M+]. 

 

(ArN)2Cr(PPh3)(CO): (ArN)2Cr(PPh3)2 (18 mg) was added into a J-Young tube. 

Then approximate 0.5 mL of C6D6 was added into the tube through vacuum transfer. 

One atmosphere of CO was charged into the tube. A color change from dark brown to 

light brown was observed immediately. This carbonyl complex was characterized 

with NMR spectroscopy and IR spectroscopy. 1H NMR (400 MHz, C6D6): δ 7.62 (m, 

6 H, Hortho of PPh3), 7.05 (m, 6 H, Hmeta of PPh3), 6.94 (m, 9 H, Hpara of PPh3 and 

ArN), 3.99 (sept, 4 H, CHMe2), 1.13 (d, 12 H, CHMe2), 1.08 (d, 12 H, CHMe2) ppm. 
13C{1H} NMR (150 MHz, C6D6): δ 158.41 (Cipso of ArN), 144.93 (Cortho of ArN), 

134.08 (d, 2JPC = 12.5 Hz, Cortho of PPh3), 134.08 (d, 1JPC = 40.0 Hz, Cipso of PPh3, 

different coupling constant so it can be assigned), 130.42 (Cpara of PPh3), 128.82 

(Cmeta of PPh3), 125.30 (Cpara of ArN), 122.74 (Cmeta of ArN), 28.60 (CHMe2), 23.68 

(CHMe2), 23.32 (CHMe2) ppm. 31P{1H} NMR (162 MHz, C6D6): δ 84.38 ppm. IR 

(KBr, cm-1): 3052(w), 2961 (m), 2922 (w), 2867 (w), 1932 (s), 1479 (w), 1458 (w), 

1435 (m), 1377 (w), 1361 (w), 1326 (w), 1279 (w), 1182 (w), 1094 (w), 797 (w), 745 

(m), 695 (m), 529 (w), 503 (w). 

 

(ArN)Cr(PPh3)(CO)3: Let the NMR tube of making (ArN)2Cr(PPh3)(CO) stand at 

room temperature for 7 days. Solution color changed from light brown to yellow-

brown slowly. NMR showed that most (ArN)2Cr(PPh3)(CO) decomposed to 



(ArN)Cr(PPh3)(CO)3 and small amount of (ArN)Cr(PPh3)2(CO)2. Small amount of 

(ArN)Cr(PPh3)2(CO)2 was confirmed by NMR and LIFDI-MS. 1H NMR (400 MHz, 

C6D6): δ 7.82 (m, 6 H, PPh3), 7.05-6.89 (m, 12 H, PPh3 and ArN, overlapped with 

ArNCO, PPh3), 4.06 (sept, 2 H, CHMe2), 1.17 (d, 12 H, CHMe2) ppm. 31P{1H} NMR 

(162 MHz, C6D6): δ 72.65 ppm. MS(LIFDI) m/z: 573.1534 [M+]. Calcd. m/z: 

573.1525 [M+]. 

 

(ArN)Cr(PPh3)2(CO)2: Let the NMR tube of making (ArN)2Cr(PPh3)(CO) stand at 

room temperature for 18 days. Solution color changed from light brown to yellow-

green slowly. The solvent was then removed in vacuum and the residue was washed 

with pentane and then extracted with Et2O. The extract was filtered through Celite 

and the filtrate was concentrated to 0.5 mL then cooled to -30 °C overnight to yield 

yellow-green crystals. Single crystals for structural characterization was grown from 

slow evaporation of ether solution at room temperature. 1H NMR (400 MHz, C6D6): δ 

7.82 (m, 12 H, PPh3), 7.03 (m, 18H, PPh3), 6.93 (m, 3 H, ArN), 4.21 (sept, 2 H, 

CHMe2), 0.99 (d, 12 H, CHMe2) ppm. 13C{1H} NMR (150 MHz, C6D6): δ 261.91 (t, 
2JPC = 34.0 Hz, CO), 155.19 (Cipso of ArN), 150.23 (Cortho of ArN), 137.50 (Cipso of 

PPh3), 134.18 (Cortho of PPh3), 129.77 (Cpara of PPh3), 128.39 (Cmeta of PPh3), 27.47 

(CHMe2), 24.41 (CHMe2) ppm. 31P{1H} NMR (162 MHz, C6D6): δ 89.73 ppm. 

MS(LIFDI) m/z: 807.2549 [M+]. Calcd. m/z: 807.2487 [M+]. IR (KBr, cm-1): 3052 

(w), 2961 (w), 2866 (w), 1900 (s), 1800 (s), 1480 (w), 1434 (m), 1089 (w), 743 (w), 

695 (m), 642 (w), 619 (w), 572 (w), 541 (w), 515 (m). 

 

X-ray structural analyses for Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)], 

‘[Cr(NAr)2]3’, (ArN)2Cr(PPh3)2, and (ArN)Cr(PPh3)2(CO)2: Crystals were mounted 

using viscous oil onto a plastic mesh and cooled to the data collection temperature. Data 

were collected on a Bruker-AXS APEX II DUO CCD diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å) for 

Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)] and with Cu-Kα radiation (λ = 1.54178 Å) 

focused with Goebel mirrors for the other samples. Unit cell parameters were obtained 



from 36 data frames, 0.5º ω, from three different sections of the Ewald sphere.30 The 

systematic absences in the diffraction data are consistent, uniquely, with P-421c (114) 

for Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)];  R3c (161) and R-3c (167) for 

‘[Cr(NAr)2]3’; uniquely with Pbcn (60) for (ArN)2Cr(PPh3)2; and uniquely with P21/c 

(14) for (ArN)Cr(PPh3)2(CO)2. Solution in the centrosymmetric option, R-3c (167) for 

‘[Cr(NAr)2]3’ yielded chemically reasonable and computationally stable results of 

refinement. The data were treated with multi-scan absorption corrections.  The 

structures were solved using intrinsic phasing methods 31 and refined with full-matrix, 

least-squares procedures on F2.32 Crystallographic data and refinement details are listed 

in Table 1. 

 

The alkyl and alkylidene moieties in Et4N[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)], were 

found to be disordered with respect to each other with a refined site occupancy of 64/36. 

Chemically equivalent, non-coincident atom positions of the disordered model were 

restrained with similar bond metrics and equivalent displacement parameters. 

 

The trinuclear ‘[Cr(NAr)2]3’, was found to have a minor disordered component that was 

located slightly off the 2/m axis of the major component with a refined disordered site 

occupancy of 91/9. However, because of the slight contribution, only one minor 

component of a chromium atom could be located and modeled. The entire disordered 

structure was treated with global three-dimensional, rigid-bond displacement restraints. 

Residual electron density was treated as diffused contributions.33 

Two symmetry-unique but chemically-equivalent compound molecules were found in 

the asymmetric unit of (ArN)Cr(PPh3)2(CO)2. 

 

Non-hydrogen atoms were refined with anisotropic displacement parameters. H-atoms 

were treated as idealized contributions with geometrically calculated positions and 

with Uiso equal to 1.2 Ueq (1.5 Ueq for methyl) of the attached atom. Atomic scattering 

factors are contained in the SHELXTL program library.32 The structures have been 



deposited at the Cambridge Structural Database under the following depositary 

numbers: CCDC 1892718-1892721. 
 
Table 1. Crystallographic data and refinement details for 
NEt4[(ArN)2Cr(=CHSiMe3)(CH2SiMe3)], ‘[Cr(NAr)2]3’, and (ArN)2Cr(PPh3)2. 
 
 NEt4[(ArN)2Cr 

(CHSiMe3)(CH2SiMe3)] 
‘[Cr(NAr)2]3’ (ArN)2Cr(PPh3)2 

formula C40H75CrN3Si2 C72H102Cr3N6 C60H64CrN2P2 
fw 706.21 1207.59 927.07 
space group P-421/c R-3c P bcn 
color red brown brown 
a, Å 21.9368(13) 26.3427(6) 13.9462(5) 
b, Å 21.9368(13) 26.3427(6) 17.9775(6) 
c, Å 19.1573(11) 71.6398(17) 20.6293(7) 
a, ° 90 90 90 
b, ° 90 90 90 
g, ° 90 120 90 
V, Å3 9218.9(12) 43053(2) 5172.1(3) 
Z, Z’ 8, 1 18, 1 4 
D(calcd), g cm-3 1.018 0.838 1.191 
µ, mm-1 0.327 2.988 2.695 
l, Å 0.71073  1.54178  1.54178 
Temp, K 200(2) 200(2) 200(2) 
data/params 10454  / 448 9830 / 381 5323/298 
GOF on F2 1.030 1.056 1.044 
R(F), % 6.52 6.47 3.30 
Rw(F2), % 15.67 19.32 8.95 
Flack param -0.012(14) --- --- 

 
Quantity minimized: Rw(F2) = Σ[w(Fo2 – Fc2)2]/Σ[(wFo2)2]1/2 
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