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Abstract: We report a quantum chemical investigation of the 
Bu4N[Fe(CO)3(NO)]-catalyzed Cloke-Wilson rearrangement of 
vinyl cyclopropanes. It was found that allylic C-C bond 
activation can proceed via a SN2’ or SN2-type mechanism. The 

application of the recently reported Intrinsic Bond Orbital (IBO) 
method for all structures indicates that one Fe-N π-bond is 
directly involved. Further analysis shows that during the 
reaction oxidation occurs at the NO-Ligand exclusively. 

 

Introduction 

Fe-catalyzed reactions have become a well-established tool for 
organic transformations.[1] In many cases, Fe-catalysts display 
remarkable reactivity and selectivity. Aside from the purely 
empirical observation of such reactivity and selectivity, a 
fundamental understanding of catalytic processes of this type is 
not well developed. A particular challenge in the field of 
mechanistic investigations is the strong and reactivity dictating 
ligand to metal interaction. This can lead to unusual oxidation 
states and bonding scenarios.[2,3] This holds particularly true for 
complexes with NO-ligands, which have been identified as non-
innocent decades ago.[3,4] The development of spectroscopic and 
quantum chemical methods which allow to analyze changes in 
the electronic configuration of the metal during a catalytic cycle, is 
therefore of great interest.     

The ferrate Bu4N[Fe(CO)3(NO)] has demonstrated its ability 
as a potent catalyst in the past years (Scheme 1).[5] In contrast to 
the formally isoelectronic Collman-reagent,[6] [Fe(CO)4]2-, allylic 
substitution, hydrosilylation, transesterification and carbene-
transfer reactions are known to be catalyzed by 
Bu4N[Fe(CO)3(NO)].  

 

Scheme 1. Examples of Bu4N[Fe(CO)3(NO)]-catalyzed reactions.[5] 

We recently showed in a spectroscopic and theoretical study, 
of the NO-complex that it is best described through several 
mesomeric structures in which the Fe possesses the oxidation 
state 0 and is bound through two covalent Fe-N π-bonds to an 
anionic NO-Ligand.[7] A covalent σ-bond between the ligand and 
metal is not observed. These findings were based on ab initio 
CASSCF-calculations and the recently introduced IBO-analysis of 
Kohn-Sham-wave functions (IBO: intrinsic bond orbital).[8] 
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In the present study, the IBO-analysis is employed for the 
elucidation of the mechanism of the Bu4N[Fe(CO)3(NO)]-
catalyzed Cloke-Wilson rearrangement (Scheme 2) with focus on 
changes in bonding of the Fe-NO unit along the reaction 
coordinate,[9,10] shedding light into the process of allylic C-C bond 
activation.[11] 
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Results and Discussion 

The starting point for the study presented herein was the 
observation that vinyl cyclopropanes result in an efficient Cloke-
Wilson rearrangement giving the corresponding dihydrofurans 
using catalytic amounts of Bu4N[Fe(CO)3(NO)] in the absence of 
ligands (Scheme 2).[12] This reaction represents a special case of 
allylic substitution and in our opinion, is suitable for understanding 
the underlying principles of such mechanisms since the addition 
of phosphine or carbene ligands is not mandatory for this reaction. 
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Based on our previous study regarding the electronic ground 
state of [Fe(CO)3(NO)]−, we have analyzed this reaction using 
Kohn-Sham density functional theory (DFT). We used the BP86-
functional[13] in combination with Grimme’s D3[14] dispersion 
correction. Structural parameters were obtained using the split-
valence basis set def2-SV(P)[15] and energies were recomputed 
using the triple-ζ basis set def2-TZVP.[15] 

 

Scheme 2. The Bu4N[Fe(CO)3(NO)]-catalyzed Cloke-Wilson rearrangement. 

The conductor-like screening model (COSMO)[16] was used in 
order to simulate solvation effects of CH2Cl2 (ε = 7.98[17] at 45 °C). 
As thermal corrections based on the harmonic approximation are 
prone to error we restrain ourselves to the discussion of ZPE-
corrected energies (ΔEZPE). ΔG values are given for 
completeness at the reaction temperature of 318 K.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (1) Quantum chemical calculation of the SN2’-path of the Cloke-Wilson rearrangement (BP86-D3/def2-SV(P)//def2-TZVP/COSMO(ε = 7.98)); (2) 

Changes in partial charges along the reaction coordinate (NPA) and (3) Electron flow along the SN2’-path (the IBOs of the active Fe-N π-bond. This bond changes 
along the reaction coordinate to a Fe-C σ-bond which reduces the terminal C atom of the vinyl moiety. The reduction causes the vinyl C-C bond to shift and results in 
C-C bond breaking of the cyclopropane. At the catalyst the loss of the Fe-N bond is compensated by the change of one O π-lone pair into a N-O π-bond. The slightly 
antibonding character at the Fe disappears.) 
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We first computed the reaction path of the SN2’-mechanism 
(Figure 1, (1)). The path consists of: (i) nucleophilic attack of the 
ferrate onto the allylic C-C bond in the vinyl cyclopropane 
substrate, (ii) formation of an intermediate and (iii) ring closure 
resulting in the dihydrofurane product. The intermediate is a 
reflection of the complex reaction coordinate marking the 
transition of the cyclopropane opening to a rotational motion, 
which leads to the dihydrofurane product. As such, the 
intermediate should not be regarded as a stable intermediate but 
the turning point between these two motions. The transition state 
for the ring opening and the intermediate are energetically nearly 
degenerate and the activation barrier of this reaction is 
determined by the transition state of the ring closure (6.7 kcal mol-
1 for the depicted conformer of the VCP/the orientation of the NO-
Ligand). Several conformers regarding the orientation of the acyl 
groups and the NO-Ligand (equatorial positions) could be 
modelled. In certain cases no transition state for the ring opening 
and no intermediate were identified. In these cases only the 
transition state of ring closure is identified. All these conformers 
have very similar activation barriers with regards to the ring 
closure ΔEZPE = 6.4−7.8 kcal mol-1 (ΔG318 = 19.5−20.5 kcal mol-1). 
When placing the NO-Ligand in the axial position, the activation 
barrier of the ring closing transition state is significantly higher 
ΔEZPE = 14.6 kcal mol-1 (ΔG318 = 26.5 kcal mol-1) (for details see 
ESI). 

With the computed mechanism in hand we addressed the role 
of the NO-Ligand. We first computed partial charges at the 
stationary points of the reaction coordinate using Natural 
Population Analysis (NPA) (Figure 1, (2)).[18] We find that the 
partial charge of the Fe-atom does not significantly change during 
the reaction, whereas the combined partial charge of the NO-
Ligand changes significantly to more positive values. This is in 
good agreement with our previous description of the electronic 
ground state being composed of a reduced (NO)−-ligand bound to 
Fe(0).  

Applying the previously proposed extended Enemark-Feltham 
notation[7] supports this description and indicates electron transfer  
solely from the NO-Ligand (Figure 1).[19] The use of formal 
oxidation states would not be suitable in the present case. 

The interactions of the Fe-NO unit with the substrate were 
analyzed using the IBO-analysis at all stationary points of the 
reaction coordinate (Figure 1, (3)).[8] The results show that only 
one of the Fe-N d-p π-bonds is involved. The nucleophilic attack 
occurs via the Fe transforming one of the Fe-N d-p π-bonds into a 
bonding interaction between the Fe and the substrate.[20] In the 
ground state of [Fe(CO)3(NO)]− Pauli-repulsion leads to the 
absence of pronounced N-O π-bonds. Instead, O π-lone pairs are 
formed with partial N-O bonding and O-Fe anti-bonding character. 
This facilitates the temporary conversion of a Fe-N π-bond into a 
Fe-substrate bonding interaction and the loss of a Fe-N d-p π-
bond is compensated by the formation of a N-O π-bond. The NO-
ligand serves as an electron reservoir which can donate or accept 
electrons as needed during a catalytic transformation. The 
orbitals orthogonal to the involved Fe-N d-p π-bond are largely 
uninfluenced by these events (Figure 2). 

    

 

Figure 2. Depiction of the orthogonal IBOs of the O-N-Fe fragment. (a): N σ-
lone pair, (b) N-O π-bond, (c) delocalized O π-lone pair with weak O-N bonding 
character and weak O-Fe antibonding character.  

The attempt to compute a direct SN2-substitution mechanism 
(Figure 3) of the C-C bond resulted in the unexpected observation 
that this path is only marginally higher in energy than the 
previously investigated SN2’-path.[21] The scenario is rather similar 
to the previously described reaction path and sometimes no 
transition state for the cyclopropane ring opening or an 
intermediate are observed in silico. The activation barriers (ring 
closure to the dihydrofurane) are ΔEZPE = 7.8−9.2 kcal mol-1 
(ΔG318 = 21.3−22.5 kcal mol-1) and differ little from the SN2’-path. 
A distinction based on DFT calculations cannot be made and both 
paths are likely to contribute (for additional isomers see ESI). The 
NPA partial charges of these paths indicate oxidation of the NO-
ligand, similar to the SN2’-path with no changes at the Fe center. 
As for the SN2’-path, IBOs were computed at all stationary points 
along the reaction coordinate. Again, we find that only one Fe-N 
d-p π-bond is significantly involved in the nucleophilic attack. The 
orthogonal IBOs do not undergo any pronounced changes. Both 
for the SN2’ and the SN2-path, the role of the NO-ligand is to store, 
deliver and absorb electrons. 

Conclusion 

In summary, we have presented a quantum chemical 
investigation giving insight into the mode of action of 
Bu4N[Fe(CO)3(NO)], a catalyst often employed by our group. 
These results show that the Fe-NO motif is essential for the 
catalytic potency. Electrons are transferred from a covalent Fe-N 
π-bond to the substrate and back resulting in formal oxidation of 
the NO-ligand during this process. The results presented here 
might also have implications for other electron rich Fe-NO 
complexes which can even be found in nature.[22]  

As neither the Fe nor the NO unit themselves are capable of 
the presented catalytic transformation, the answer to the question 
raised in the title we believe to be: Fe-NO catalysis. 
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Figure 3. (1) Quantum chemical calculation of the SN2-path of the Cloke-Wilson rearrangement (BP86-D3/def2-SV(P)//def2-TZVP/COSMO(ε = 7.98)); (2) Changes 
in partial charges along the reaction coordinate (NPA) and (3) Electron flow along the SN2-path (The IBOs of the active Fe-N π-bond, the transformation of the 
cyclopropane bond into a delocalized C-C π-bond and the transformation of a O lone pair into a O-C σ-bond is shown. The C-C bond breaking is supported by the 
vinyl moiety.) 

 

Keywords: cyclopropane • rearrangement • iron • catalysis • 
quantumchemistry 

[1] For representative reviews see: (a) C. Bolm, J. Legros, J. Le Paih, 
L. Zani, Chem. Rev. 2004, 104, 6217-6254; (b) A. Correa, O. 
Garcia Mancheno, C. Bolm, Chem. Soc. Rev. 2008, 37, 1108-
1117; (c) W. M. Czaplik, M. Mayer, J. Cvengroš, A. J. von 
Wangelin, ChemSusChem 2009, 2, 396-417; (d) M. Darwish, M. 
Wills, Catal. Sci. Tech. 2012, 2, 243-255; (e) R. H. Morris, Chem. 

Soc. Rev. 2009, 38, 2282-2291; (f) B. D. Sherry, A. Fürstner, Acc. 

Chem. Res. 2008, 41, 1500-1511; (g) K. Gopalaiah, Chem. Rev. 

2013, 113, 3248-3296; (h) J. E. M. N. Klein, B. Plietker, Org. 

Biomol. Chem. 2013, 11, 1271-1279; for monographs see: (i) Iron 
Catalysis: Fundamentals and Applications: 33 (Topics in 
Organometallic Chemistry), ed. B. Plietker, Springer, Berlin, 
2010, vol. 1; (j) Iron Catalysis in Organic Chemistry: Reactions 
and Applications, ed. B. Plietker, Wiley-VCH, Weinheim, 2008, 
vol. 1. 

[2] For representative examples see: (a) A. A. Mikhailine, M. I. 
Maishan, A. J. Lough, R. H. Morris, J. Am. Chem. Soc. 2012, 134, 
12266-12280; (b) A. M. Tondreau, C. Milsmann, A. D. Patrick, H. 

M. Hoyt, E. Lobkovsky, K. Wieghardt, P. J. Chirik, J. Am. Chem. 

Soc. 2010, 132, 15046-15059; (c) A. Boddien, D. Mellmann, F. 
Gärtner, R. Jackstell, H. Junge, P. J. Dyson, G. Laurenczy, R. 
Ludwig, M. Beller, Science 2011, 333, 1733-1736; (d) A. 
Fürstner, K. Majima, R. Martín, H. Krause, E. Kattnig, R. 
Goddard, C. W. Lehmann, J. Am. Chem. Soc. 2008, 130, 1992-
2004. 

[3] For reviews regarding redoxactive ligands see: (a) W. Kaim, Eur. 

J. Inorg. Chem. 2012, 2012, 343-348; (b) V. K. K. Praneeth, M. R. 
Ringenberg, T. R. Ward, Angew. Chem. Int. Ed. 2012, 51, 10228-
10234; (c) S. Blanchard, E. Derat, M. Desage-El Murr, L. 
Fensterbank, M. Malacria, V. Mouriès-Mansuy, Eur. J. Inorg. 

Chem. 2012, 2012, 376-389; (d) O. R. Luca, R. H. Crabtree, 
Chem. Soc. Rev. 2013, 42, 1440-1459. 

[4] (a) C. K. Jørgensen, Coord. Chem. Rev. 1966, 1, 164-178; (b) J. 
A. McCleverty, Chem. Rev. 2004, 104, 403-418. 

[5] For first reports see: (a) W. Hieber, K. Beutner, Z. Naturforsch., 

B: Chem. Sci. 1960, 15, 323-324; (b) M. J. Hogsed, (E. I. Du Pont 
de Nemours), US 2865707 1958, Chem. Abstr. 1959:539592; For 
examples from the Plietker group see: For allylic substitutions 
see: (c) J. E. M. N. Klein, M. S. Holzwarth, S. Hohloch, B. Sarkar, 
B. Plietker, Eur. J. Org. Chem. 2013, 6310-6316; (d) S. Rommel, 
A. P. Dieskau, B. Plietker, Eur. J. Org. Chem. 2013, 1790-1795; 
(e) A. P. Dieskau, B. Plietker, Org. Lett. 2011, 13, 5544-5547; (f) 
M. Jegelka, B. Plietker, ChemCatChem 2012, 4, 329-332; (g) A. 

 4



DOI: 10.1002/chem.201xxxxxx

P. Dieskau, M. S. Holzwarth, B. Plietker, Chem. Eur. J. 2012, 18, 
2423-2429; (h) M. Jegelka, B. Plietker, Chem. Eur. J. 2011, 17, 
10417-10430; (i) M. S. Holzwarth, W. Frey, B. Plietker, Chem. 

Commun. 2011, 47, 11113-11115; (j) M. Jegelka, B. Plietker, Org. 

Lett. 2009, 11, 3462-3465; (k) M. Holzwarth, A. Dieskau, M. 
Tabassam, B. Plietker, Angew. Chem. Int. Ed. 2009, 48, 7251-
7255; (l) B. Plietker, A. Dieskau, K. Möws, A. Jatsch, Angew. 

Chem. Int. Ed. 2008, 47, 198-201; (m) B. Plietker, Angew. Chem. 

Int. Ed. 2006, 45, 6053-6056; (n) B. Plietker, Angew. Chem. Int. 

Ed. 2006, 45,1469-1473; For transesterifications see: (o) S. 
Magens, B. Plietker, Chem. Eur. J. 2011, 17, 8807-8809; (p) S. 
Magens, B. Plietker, J. Org. Chem. 2010, 75, 3715-3721; (q) S. 
Magens, M. Ertelt, A. Jatsch, B. Plietker, Org. Lett. 2008, 10, 53-
56; For hydrosilylation reactions see: (r) A. P. Dieskau, J.-M. 
Begouin, B. Plietker, Eur. J. Org. Chem. 2011, 5291-5296; For 
carbene-transfer reactions see: (s) M. S. Holzwarth, I. Alt, B. 
Plietker, Angew. Chem. Int. Ed. 2012, 51, 5351-5354. 

[6] J. P. Collman, Acc. Chem. Res. 1975, 8, 342–347. 
[7] J. E. M. N. Klein, B. Miehlich, M. S. Holzwarth, M. Bauer, M. 

Milek, M. M. Khusniyarov, G. Knizia, H.-J. Werner, B. Plietker, 
Angew. Chem. Int. Ed. 2014, DOI: 10.1002/anie.201309767. 

[8] G. Knizia, J. Chem. Theory Comput. 2013, 9, 4834–4843. 
[9] (a) J. B. Cloke, J. Am. Chem. Soc. 1929, 51, 1174-1187; (b) C. L. 

Wilson, J. Am. Chem. Soc. 1947, 69, 3002-3004. 
[10] For transition metal-catalyzed Cloke-Wilson rearrangements see: 

(a) R. K. Bowman, J. S. Johnson, Org. Lett. 2006, 8, 573-576; (b) 
U. M. Dzhemilev, R. I. Khusnutdinov, N. A. Shchadneva, G. A. 
Tolstikov, Russ Chem Bull 1990, 39, 1447-1450; (c) A. A. 
Vardapetyan, D. S. Khachatryan, G. A. Panosyan, N. M. Morlyan, 
J. Org. Chem. USSR 1986, 22, 2034-2037. 

[11] A. P. Dieskau, M. S. Holzwarth, B. Plietker, J. Am. Chem. Soc. 

2012, 134, 5048-5051. 
[12] A comprehensive experimental study will be published in due 

course. 
[13] (a) A. D. Becke, Phys. Rev. A 1988, 38, 3098-3100; (b) J. P. 

Perdew, Phys. Rev. B 1986, 33, 8822-8824; (c) J. P. Perdew, Phys. 

Rev. B 1986, 34, 7406-7406. 

[14] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 
132, 154104. 

[15] (a) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 
3297-3305; (b) F. Weigend, Phys. Chem. Chem. Phys. 2006, 8, 
1057-1065. 

[16] A. Klamt, G. Schüürmann, J. Chem. Soc., Perkin Trans. 2 1993, 
799-805. 

[17] V. P. Pawar, J. Chem. Eng. Data 2006, 51, 882-885. 
[18] A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985, 

83, 735-746. 
[19] The Fe-NO complex reacts differently from the bis-iminopyridine 

Fe complexes which result in both one-electron oxidation of the 
ligand and one-electron oxidation of the metal: (a) J. M. Hoyt, K. 
T. Sylvester, S. P. Semproni, P. J. Chirik, J. Am. Chem. Soc. 2013, 
135, 4862-4877; (b) J. M. Darmon, S. C. E. Stieber, K. T. 
Sylvester, I. Fernández, E. Lobkovsky, S. P. Semproni, E. Bill, K. 
Wieghardt, S. DeBeer, P. J. Chirik, J. Am. Chem. Soc. 2012, 134, 
17125-17137. 

[20] This also explains the previously observed selectivity for 
alkylation reactions where a equatorial position of the NO-ligand 
is energetically favored: J. E. M. N. Klein, B. Miehlich, J. 
Kästner, B. Plietker, Dalton Trans. 2013, 42, 7519-7525. 

[21] When this reaction was carried out under an atmosphere of CO no 
effect was observed. Therefore reaction pathways based on a 
decarbonylated Fe complex were not considered. 

[22] For a recent comprehensive review see: T. C. Berto, A. L. 
Speelman, S. Zheng, N. Lehnert, Coord. Chem. Rev. 2013, 257, 
244-259. 

Received: ((will be filled in by the editorial staff)) 
Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 

 

 

 5



DOI: 10.1002/chem.201xxxxxx

 
FULL PAPER 

  Fe- or Fe-NO catalysis? The 
Bu4N[Fe(CO)3(NO)]-catalyzed 
Cloke-Wilson rearrangement of 
activated vinyl cyclopropanes 
occurs readily at 45 °C in the 
absence of added ligands. 
Quantum chemical calculations 
show that the initial electron 
transfer originates from one Fe-N 
π-bond resulting in formal oxidation 
of the NO-ligand. 
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