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Redox Switchable Hydroalkoxylation of a Cobalt Complex Sup-
ported by a Ferrocene-Based Ligand 
Scott M. Shepard and Paula L. Diaconescu* 

Department of Chemistry and Biochemistry, University of California, Los Angeles, 607 Charles E Young Drive East, 
Los Angeles, CA 90095 
 

ABSTRACT: The first crystallographically characterized tetrahedral cobalt salen (salen = N,N’-ethylenesalicylimine) com-
plex was synthesized by using a 1,1’-ferrocene derivative, salfen (salfen = 1,1′- di(2,4-di-tert-butyl-6-salicylimine)ferrocene). 
The complex undergoes two oxidation events at low potentials, which were assigned as iron and ligand centered by com-
parison to the corresponding zinc complex. The cobalt complex was found to catalyze the hydroalkoxylation of styrenes, 
similarly to related square planar cobalt salen complexes, likely due to its fluxional behavior in alcoholic solvents. Further-
more, the one electron oxidized species was found to be inactive toward hydroalkoxylation. Thus, the hydroalkoxylation 
reactivity could be turned on/off in situ by redox chemistry.

Introduction 
Hydroelementation, the addition of a hydrogen and a 

functional group across an unsaturated bond, is a funda-
mental class of organic chemistry reactions with broad ap-
plicability for generating molecular complexity. Addition-
ally, the potential 100% atom economy of these reactions 
makes them attractive for both green chemistry and low 
cost industrial processes.1 Recent advances in the field of 
transition metal catalysis have greatly expanded the scope 
and feasibility of hydroelementation reactions. Milder re-
action conditions, greater regioselectivity, stereoselectiv-
ity, and a wider functional group tolerance than before are 
prevalent. This allows the precise formation of complicated 
products with vital applications ranging from pharmaceu-
ticals to commodity chemical production.2 

Switchable catalysis is an efficient method that generates 
multiple, catalytically active species with different reactiv-
ity.3-25 Because these species originate from a single precur-
sor and are readily controlled by external stimuli, rapid 
production of molecular complexity can be achieved in one 
pot. Utilizing switchable systems for tandem catalysis is 
advantageous since problems arising from catalyst com-
patibility are circumvented. Switchable catalysis has many 
parallels in biological systems but it has been less studied 
in the field of chemical synthesis, largely because of diffi-
culties in regulating multiple catalytically active species in 
such a way to generate reactions with high levels of sub-
strate selectivity. However, recent developments in chem-
ical,4 electrochemical,8 photochemical,26 mechanochemi-
cal,27 and allosteric7 control have led to significant ad-
vances that have made switchable catalysis possible. An 
important goal of switchable catalysis is the demonstration 
of redox switches to be used for creating structural com-
plexity by combining complementary on/off switches.14, 18, 

24 

Despite the prevalence of hydroelementation chemistry, 
little if any research has been reported on switchable hy-
droelementation catalysts. Considering that the carbon-
carbon multiple bond is common to all hydroelementation 
substrates, reversibly switching the activity of a catalyst to-
ward different reactions could provide a novel pathway to 
important chemicals. Knowles and coworkers recently re-
ported the use of a photoredox catalyst to promote the in-
tramolecular hydroamination of secondary amines.28 How-
ever, their study does not contain an investigation of 
whether the process is switchable. Another study by Nice-
wicz and coworkers utilized a photoredox catalyst in the 
hydrohalogenation of styrenes.29 However, this study sim-
ilarly does not investigate switchability.  

Recently, Hiroya and coworkers reported a mild and 
functional group tolerant hydrofluorination reaction with 
a Co(II) Schiff base complex.30 This method shows excel-
lent yields for a large variety of substrates with a relatively 
inexpensive catalyst. Furthermore, this versatile system 
also leads to hydroalkoxylation in the presence of an alco-
holic solvent31 and intramolecular hydroamination in the 
presence of a suitable substrate.32 Dismayed by the lack of 
switchable hydroelementation reactions in the literature, 
we sought to develop a redox switchable catalyst for such 
processes. A particularly good system to base our work on 
is the cobalt(II) salen catalyst employed by Hiroya and 
coworkers for hydrofluorination, hydroalkoxylation, and 
hydroamination. Not only is this system active toward sev-
eral different hydroelementation reactions, but it also uti-
lizes a simple salen complex. Salfen, the Schiff base ferro-
cene-analogue of salen,33-35 was initially synthesized by Ar-
nold and coworkers36 and has been used in complexes of 
cerium37 and indium38 for the catalytic ring-opening 
polymerization of cyclic esters. In this work, we report the 



 

synthesis and characterization of a cobalt(II) salfen com-
plex, Co(salfen), and an investigation of its activity toward 
redox switchable hydroelementation reactions. The system 
was found to be active toward the hydroalkoxylation of ole-
fins in its reduced state and inactive in its oxidized state, 
producing a redox reversible on/off switch. The complex 
was not found to be active toward hydroamination of ole-
fins or reactions of alkynes. During this investigation, it 
was necessary to synthesize and characterize the corre-
sponding zinc(II) complex, Zn(salfen), in order to under-
stand the redox behavior of Co(salfen).  

 
Experimental 

General Considerations. All reactions were performed 
using standard Schlenk techniques or in an MBraun drybox 
under a nitrogen atmosphere, unless otherwise noted. All 
glassware and Celite were stored in an oven at >425 K over-
night before being brought into the drybox. Solvents, ex-
cept for methanol, were purified by the method of Grubbs39 
and transferred to the glovebox without exposure to air. 
Methanol was purified by stirring over calcium hydride 
overnight followed by distillation under a nitrogen atmos-
phere and transferred into the drybox without exposure to 
air. NMR solvents were obtained from Cambridge Isotope 
Laboratories, degassed, and stored over activated molecu-
lar sieves prior to use. NMR spectra were recorded at am-
bient temperature on Bruker AV-300, AV-400, AV-500, and 
DRX-500 spectrometers. Proton chemical shifts are given 
relative to residual solvent peaks. Fluorine chemical shifts 
are given relative to freon. Magnetic susceptibility meas-
urements were performed in either CD2Cl2 or CDCl3 using 
the Evans method.40-41 UV-vis spectra were obtained on an 
Agilent Cary 5000 UV-vis-NIR spectrometer. Samples were 
prepared with dry degassed THF under an inert atmos-
phere and loaded into a quartz cuvette sealed with a teflon 
valve. H2(salfen), 1, was prepared according to literature 
procedures.36 All other reagents were acquired from com-
mercial sources in the highest available purity and, unless 
otherwise stated, used as received. Elemental analyses 
were performed on an Exeter Analytical Inc. CE-440 Ele-
mental Analyzer. 

Co(salfen) (2): Compound 1 (0.29 g, 0.45 mmol) was dis-
solved in 5 mL of THF and added dropwise to a stirring 
slurry of potassium hydride (0.04 g, 0.98 mmol) in THF. 
The dark red solution was stirred for two hours before fil-
tering through Celite. Then, all volatile substances were re-
moved under reduced pressure. The resulting red solid was 
washed with hexanes to remove any starting material. The 
solid was then dissolved in THF and CoCl2 (0.06 g, 0.45 
mmol) was added to the solution. The red solution was 
stirred for one hour before the volatiles were removed un-
der reduced pressure. The red solid was dissolved in tolu-
ene and filtered through Celite to give a red solution. Evap-
oration of the toluene under reduced pressure afforded the 
pure product as a dark red solid (0.28 g, 87.7%). X-ray qual-
ity crystals were obtained from the slow evaporation of a 
benzene solution at ambient temperature. 1H NMR (CDCl3, 
500 MHz, 298 K): δ (ppm) -8.94 (s, 1H, N=CH), -3.62 (s, 

18H, C(CH3)3), -2.90 (s, 1H, N=CH), 9.90 (s, 18H, C(CH3)3), 
10.86 (s, 4H, Cp-H), 17.65 (s, 4H, Cp-H), 53.70 (s, 2H, aro-
matic), 60.97 (s, 2H, aromatic). Anal. calcd. for Co(salfen) 
(FeCoO2N2C40H50): C, 68.09; H, 7.14; N, 3.97. Found: C, 
68.77; H, 6.61; N, 3.72. µeff = 4.34 µB. 

[Co(salfen)][BArF
4] (3): Compound 2 (0.04 g, 0.6 mmol) 

was dissolved in 3 mL dichloromethane. To this red solu-
tion was added a blue solution of acetylferrocenium [BArF

4] 
(ArF = 3,5-(CF3)2-C6H3, 0.07 g, 0.06 mmol) in dichloro-
methane. The resulting black solution was stirred for thirty 
minutes before all volatiles were removed under reduced 
pressure. The black solid was then washed with hexanes 
until the solution appeared colorless. The product was 
crystallized by layering a concentrated toluene solution 
with hexanes. Prolonged standing of this solution at ambi-
ent temperature produced X-ray quality crystals (0.07 g, 
64.7%). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) -5.77 (s, 
18H, C(CH3)3), 1.25 (s, 4H, Cp-H), 7.59 (s, 12H, 
B(C6H3(CF3)2)4), 9.30 (s, 18H, C(CH3)3), 55.60 (s, 2H, aro-
matic), 61.43 (s, 2H, aromatic). 9F NMR (CDCl3, 400 MHz, 
298 K): δ (ppm) -62.59 (BArF

4). Anal. calcd. for 
[Co(salfen)][BArF

4] (FeCoO2N2BF24C78H62): C, 57.09; H, 
3.81; N, 1.71. Found: C, 57.22; H, 3.66; N, 1.54. µeff = 4.80 µB. 

[Co(salfen)]4 (4): Compound 2 (0.1012 g, 0.14 mmol) was 
dissolved in 5 mL of THF. To this solution was added 1 mL 
of MeOH and the solution was stirred for four hours. All 
volatiles were removed under reduced pressure to yield a 
red solid. The product was purified by layering a concen-
trated toluene solution of the compound with MeOH. X-
ray quality crystals were obtained from prolonged standing 
of this toluene/MeOH solution at ambient temperature. 1H 
NMR (CDCl3, 500 MHz, 298 K): δ (ppm) -8.24 (s, 4H, 
N=CH), -5.11 (s, 36H, C(CH3)3), -3.83 (s, 36H, C(CH3)3), -2.89 
(s, 4H, N=CH), 0.31 (s, 72H, C(CH3)3), 8.94 (s, 8H, Cp-H), 
12.86 (s, 8H, Cp-H), 49.55 (s, 4H, aromatic), 54.94 (s, 4H, 
aromatic), 61.43 (s, 4H, aromatic), 64.26 (s, 4H, aromatic). 
Anal. calcd. for 4 (Fe4Co4O8N8C160H200): C, 68.09; H, 7.14; N, 
3.43. Found: C, 68.96; H, 6.49; N, 3.43. 

Zn(salfen) (5): Compound 1 (0.09 g, 0.14 mmol) was dis-
solved in 5 mL of THF and added dropwise to a stirring 
slurry of potassium hydride (0.01 g, 0.30 mmol) in THF. 
The dark red solution was stirred for two hours before fil-
tering it through Celite. Then, all volatiles were removed 
under reduced pressure. The resulting red solid was 
washed with hexanes to remove any starting material. The 
solid was then dissolved in THF and ZnCl2 (0.02 g, 0.14 
mmol) was added to the solution. The red solution was 
stirred for one hour before the solvent was removed under 
reduced pressure. The red solid was dissolved in toluene 
and filtered through Celite to give a red solution. Removal 
of all volatiles under reduced pressure afforded the pure 
product as a dark red solid (0.09 g, 95.9%). 1H NMR (CDCl3, 
500 MHz, 298 K): δ (ppm) 1.34 (s, 18H, C(CH3)3), 1.41 (s, 18H, 
C(CH3)3), 3.96–4.14 (d, 2H, Cp-H), 4.39–4.64 (d, 2H, Cp-H), 
7.02-7.03 (d, 2H, aromatic), 7.48-7.49 (d, 2H, aromatic), 
8.49 (s, 2H, N=CH). 13C NMR (CDCl3, 500 MHz, 298 K): δ 
(ppm) ) 29.5 (CH3), 31.4 (CH3), 34.1 (CCH3), 35.8 (CCH3), 
60.7 (Cp), 71.7 (Cp), 72.8 (Cp C=N), 106.3 (aromatic), 117.9 



 

(aromatic), 128.9 (aromatic), 130.3 (aromatic), 142.4 (aro-
matic), 166.3 (N=CH), 170.1 (CO). Anal. calcd. for Zn(salfen) 
(FeZnO2N2C40H50): C, 67.47; H, 7.08; N, 3.93. Found: C, 
66.88; H, 6.98; N, 3.90. 

[Zn(salfen)][BArF
4] (6): Compound 2 (0.004 g, 0.06 

mmol) was dissolved in 3 mL dichloromethane. To this red 
solution was added a blue solution of acetylferrocenium 
[BArF

4] (0.007 g, 0.006 mmol) in dichloromethane. The re-
sulting black solution was stirred for thirty minutes before 
the solvent was removed under reduced pressure. The 
black solids were then rinsed with hexanes to afford the 
product as a black solid (0.008 g, 90.4%). 1H NMR (CDCl3, 
500 MHz, 298 K) δ (ppm) -2.70, -2.36, 0.06, 1.21, 2.36, 2.56, 
3.47, 6.89, 7.72, 13.90, 15.52, 25.0. Anal. calcd. for 
[Zn(salfen)][BArF

4] cocrystallized with one molecule of 
AcFc (Fe2ZnO3N2C84H74BF24): C, 54.90; H, 3.97; N, 1.78. 
Found: C, 54.26; H, 3.60; N, 1.17. 

[Zn(salfen)]4 (7): Compound 5 (0.05 g, 0.07 mmol) was 
dissolved in toluene and the solution concentrated. This 
was layered with methanol, and the product formed red 
crystals upon standing. Recrystallizing in this manner once 
more afforded a pure product and X-ray quality crystals 
(0.04 g, 82.1%). 1H NMR (CDCl3, 500 MHz, 298 K): δ (ppm) 
1.13 (s, 36H, C(CH3)3), 1.28 (s, 36H, C(CH3)3), 1.37 (s, 36H, 
C(CH3)3), 1.57 (s, 36H, C(CH3)3), 3.67 (s, 8H, Cp-H), 3.93 (s, 
8H, Cp-H), 4.36 (s, 8H, Cp-H), 4.50 (s, 8H, Cp-H), 4.74 (s, 
8H, Cp-H), 6.67 (s, 4H, aromatic), 6.86 (s, 4H, aromatic), 
7.50 (s, 8H, aromatic), 8.37 (s, 8H, N=CH). Anal. calcd. for 
[Zn(salfen)]4(toluene)3 (Fe4Zn4O8N8C181H224): C, 69.57; H, 
7.22; N, 3.59. Found: C, 70.22; H, 7.21; N, 3.18. 

General Procedure for Hydroalkoxylation Reac-
tions. Compound 2 (0.01 mmol) was dissolved in 1 mL of 
dichloromethane. To this solution was added trimethox-
ybenzene (0.15 mmol) as an internal standard as well as N-
fluoro-2,4,6-trimethylpyridine tetrafluoroborate (0.22 
mmol), 1,1,3,3-tetramethyldisiloxane (0.22 mmol), the un-
saturated substrate (0.20 mmol), and the appropriate alco-
hol (0.22 mmol). The reaction was allowed to stir until 
completion, and monitored by 1H NMR spectroscopy, by 
collecting aliquots of the reaction mixture. The volatile 
substances were removed from the aliquots under reduced 
pressure, and the solids were dissolved in CDCl3. Product 
formation and yield were determined by 1H NMR relative 
integration to trimethoxybenzene. 

General Procedure for Redox Switchable Hydroal-
koxylation. Compound 2 (0.01 mmol) was dissolved in 1 
mL of dichloromethane. To this solution was added tri-
methoxybenzene (0.15 mmol) as an internal standard as 
well as N-fluoro-2,4,6-trimethylpyridine tetrafluoroborate 
(0.22 mmol), 1,1,3,3-tetramethyldisiloxane (0.22 mmol), the 
unsaturated substrate (0.20 mmol), and the appropriate al-
cohol (0.22 mmol). The reaction was monitored by 1H NMR 
spectroscopy, by collecting aliquots of the reaction mixture 
every hour. The volatile substances were removed from the 
aliquots under reduced pressure, and the solids were dis-
solved in CDCl3. After two hours, acetylferrocenium BArF

4 
(0.01 mmol) was added to the reaction mixture. After four 

hours, cobaltocene (0.011 mmol), N-fluoro-2,4,6-trime-
thylpyridine tetrafluoroborate (0.22 mmol), and 1,1,3,3-tet-
ramethyldisiloxane (0.22 mmol) were added to the reac-
tion mixture. 

Electrochemical Studies. Cyclic voltammetry studies 
were carried out in a 20 mL scintillation vial with elec-
trodes fixed in position by a rubber stopper. The electrolyte 
used was 0.10 M tetrabutylammonium hexafluorophos-
phate, which was recrystallized twice from ethanol before 
use. The solvent used was dichloromethane. A glassy car-
bon working electrode (planar circular area = 0.071 cm2), a 
platinum reference electrode (planar circular area = 0.031 
cm2), and a silver-wire pseudoreference electrode were 
used and purchased from CH Instruments. Before each cy-
clic voltammetry experiment, the working and auxiliary 
electrodes were polished with an aqueous suspension of 
0.05 µm alumina on a Microcloth polishing pad. Cyclic 
voltammograms were acquired with a CH Instruments 
CHI630D potentiostat and recorded with CH Instruments 
software (version 13.04) with data processing on Origin 9.2. 
All potentials are given with respect to the ferrocene/fer-
rocenium couple. 

X-ray Crystallography. X-ray quality crystals were ob-
tained from various concentrated solutions placed in a −40 
°C freezer in the glovebox unless otherwise specified. In-
side the glovebox, the crystals were coated with oil (STP 
Oil Treatment) on a microscope slide, which was brought 
outside the glovebox. The X-ray data collections were car-
ried out on a Bruker SMART 1000 single crystal X-ray dif-
fractometer using Mo Kα radiation and a SMART APEX 
CCD detector. The data was reduced by SAINTPLUS and 
an empirical absorption correction was applied using the 
package SADABS. The structure was solved and refined us-
ing SHELXTL (Bruker 1998, SMART, SAINT, XPREP AND 
SHELXTL, Bruker AXS Inc., Madison, Wiscosin, USA). Ta-
bles with atomic coordinates and equivalent isotropic dis-
placement parameters, with all the distances and angles 
and with anisotropic displacement parameters are listed in 
the cif. 

 
Results and Discussion 

Synthesis and Characterization of Cobalt and Zinc 
Complexes. Compound Co(salfen) (2) was prepared by 
salt metathesis between the potassium salt of H2(salfen) (1) 
and CoCl2 (Scheme 1). Compound 2 is paramagnetic, as ex-
pected for a cobalt(II) complex. Its solid-state molecular 
structure was determined by single-crystal X-ray diffrac-
tion (Figure 1), which indicates that the complex adopts a 
pseudo-tetrahedral geometry about the cobalt center. The 
N(1)-Co(2)-O(1) angle of 92.81(9)° and N(2)-Co(2)-O(2) an-
gle of 93.53(9)° are nearly 90°, as expected for a square pla-
nar complex and agree closely with previously reported 
square planar cobalt salen complexes.42 However, these 
two planes are offset by an angle of 75.31°. As a result, there 
is a nearly tetrahedral geometry about the metal center 
with the other four angles nearing the requisite 120°.  
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Scheme 1: Synthesis of Compounds 2 – 7. 
 

 
Figure 1. Solid-state molecular structure of Co(salfen) (2) 
with thermal ellipsoids set at 50% probability. Hydrogen 
atoms and solvent molecules were omitted for clarity. Se-
lected distances (Å) and angles (deg): N(1)-Co(2), 2.006(2); 
N(2)-Co(2), 2.009(2); O(1)-Co(2), 1.910(2); O(2)-Co(2), 
1.912(2); N(1)-Co(2)-O(1), 92.81(9); O(1)-Co(2)-O(2), 
112.37(9); O(2)-Co(2)-N(2), 93.53(9); N(2)-Co(2)-N(1), 
107.16(9); O(1)-Co(2)-N(2), 125.50(9); N(1)-Co(2)-N(2), 
128.96(9). 

 

The angle between these two planes in analogous com-
plexes are around 15°.43 Calculating the τ4 parameter for the 
complex yields a value of 0.75, indicating a fairly distorted 
tetrahedron.44 The two nitrogen cobalt distances are nearly 
identical with a N(1)-Co(2) distance of 2.006(2) Å and a 
N(2)-Co(2) distance of 2.009(2) Å. Similarly, the oxygen co-
balt distances are nearly identical with an O(1)-Co(2) dis-
tance of 1.910(2) Å and an O(2)-Co(2) distance of 1.912(2) Å. 
All four of these distances are slightly longer than previ-
ously reported for analogous complexes.42 Four-coordinate 
cobalt(II) salen complexes typically exhibit a square planar 
geometry, and a search of the CCSD did not result in any 
examples of tetrahedral cobalt salen complexes. However, 
the literature contains one report of tetrahedral coordina-
tion in cobalt salen nanoparticles on the basis of EXAFS.45 
This unusual geometry suggests a unique steric and elec-
tronic environment. The electronic structure of the com-
pound was investigated by the Evans method, which 
yielded a magnetic susceptibility of 4.34 µB, suggesting an 
S = 3/2 d7 cobalt, as expected for a tetrahedral geometry. 
Previously reported square planar cobalt(II) salen com-
plexes exhibit magnetic susceptibilities near 1.7 µB, indica-



 

tive of low spin, S = 1/2 d7 cobalt.42, 46-48 This unusual geom-
etry is likely due to ferrocene’s torsional flexibility relative 
to common salen ligand backbones.49 

Compound 2 was found to undergo a one-electron oxi-
dation in the presence of acetylferrocenium [BArF

4] (ArF = 
3,5-(CF3)2-C6H3) to produce the stable and isolable species 
[Co(salfen)][BArF

4] (3, Scheme 1). Complex 3 could be re-
duced back to 2 by the addition of cobaltocene. The solid-
state molecular structure of this black oxidized species was 
determined by single-crystal X-ray diffraction (Figure 2). 
Similar to the reduced compound 2, a pseudo tetrahedral 
coordination environment is observed around the cobalt 
center with the primary structural difference being the 
presence of the [BArF

4] counter ion. The nitrogen-cobalt 
and oxygen-cobalt distances are slightly shorter in 3 than 
in 2. The angles around the cobalt center remain relatively 
unchanged from the reduced species, but the angle be-
tween the two nitrogen-cobalt-oxygen planes is slightly 
larger in 3, at 77.18°.  The τ4 parameter for the oxidized 
complex is 0.76, indicating a similar distortion from an 
ideal tetrahedron as for 2. The ferrocene moiety in 3 is 
more distorted than in 2 with the distance from the Cp cen-
troids to iron of 1.70 Å and an angle between them of 173.10° 
compared to 1.64 Å and 175.42° in 2.  

 
Figure 2. Solid-state crystal structure of 
[Co(salfen)][BArF

4] (3) with thermal ellipsoids set at 50% 
probability. Hydrogen atoms, solvent molecules, and the 
[BArF

4] ion were omitted for clarity. Selected distances (Å) 
and angles (deg): O(1)-Co(1), 1.8845(13); O(2)-Co(1), 
1.8940(13); N(1)-Co(1), 1.9984(15); N(2)-Co(2), 2.0028(15); 
O(1)-Co(1)-O(2), 112.27(6); O(1)-Co(1)-N(1), 94.09(6); O(1)-
Co(1)-N(2), 129.37(6); O(2)-Co(1)-N(2), 92.76(6); O(2)-
Co(1)-N(1), 122.74(6); N(1)-Co(1)-N(2), 108.63(6). 

 
Compound 3 is also paramagnetic, however, this does 

not indicate which metal center changes oxidation state. 
The nature of this oxidation was probed by determining 
the complex’s magnetic susceptibility, 4.80 µB, using the 
Evans method. If the oxidation to 3 resulted in a one elec-
tron oxidation of the iron center, the complex would ex-
hibit a theoretical spin only magnetic susceptibility of 4.24 
µB for the non-interacting S = 3/2 (cobalt) and S = 1/2 (iron) 
spins. For comparison, the theoretical spin only magnetic 
susceptibility for an S = 2 system, such as high spin co-
balt(III), would be 4.90 µB. This data suggests that 3 likely 

contains one more unpaired electron than 2 but does not 
allow us to assign the first oxidation event unambiguously. 

Despite magnetic data showing an additional unpaired 
electron in compound 3 than 2, we could not assign, on this 
basis alone, the oxidation states of iron and cobalt in 3. 
Thus, we synthesized the zinc complex corresponding to 2, 
Zn(salfen) (5) by an analogous route (Scheme 1). Com-
pound 5 was also found to undergo a one electron oxida-
tion in the presence of acetylferrocenium [BArF

4] to pro-
duce a stable black compound, 6. Unfortunately, 5 and 6 
eluded X-ray crystallographic characterization. However, 
the zinc complex was found to crystallize in the presence 
of methanol to form compound 7. X-ray quality crystals 
were obtained for 7 revealing a tetrameric structure analo-
gous to 4. This suggests that the other zinc complexes 
likely exhibit geometries comparable to their cobalt ana-
logues. 

While studying the reactivity of 2, we noticed that the 
corresponding 1H NMR spectra began to show decomposi-
tion. The nature of this decomposition was investigated 
and found to be the result of methanol present in the dry-
box atmosphere, a reagent used for hydroalkoxylation re-
actions (see below). Furthermore, 2 was found to cleanly 
convert to a new product, 4, when exposed to methanol 
and crystallized in its presence. Single-crystal X-ray diffrac-
tion studies revealed the solid-state molecular structure of 
this species to be a tetrameric isomer in which the two phe-
nolate arms of each ferrocene are coordinated to two dif-
ferent cobalt centers (Figure 3).  

 
Figure 3. Solid-state crystal structure of [Co(salfen)]4 (4) 
with thermal ellipsoids set at 50% probability. Hydrogen 
atoms and solvent molecules were omitted for clarity. Se-
lected distances (Å) and angles (deg): O(1)-Co(1), 
1.9005(15); O(2)-Co(1), 1.9102(16); N(1)-Co(1), 1.9866(18); 
N(2)-Co(1), 1.9967(18); O(1)-Co(1)-O(2), 121.51(7); O(1)-
Co(1)-N(1), 95.57(7); O(1)-Co(1)-N(2), 111.76(7); N(1)-Co(1)-
N(2), 122.44(7); O(2)-Co(1)-N(2), 95.53(7). 



 

 

 
Figure 4. Solid-state crystal structure of [Zn(salfen)]4 (7) 
with thermal ellipsoids set at 50% probability. Hydrogen 
atoms and solvent molecules were omitted for clarity. Se-
lected distances (Å) and angles (deg): Zn(1)-N(1), 2.009(2); 
Zn(1)-N(2), 2.009(2); Zn(1)-O(1), 1.906(2); Zn(1)-O(2), 
1.924(2); N(1)-Zn(1)-O(1), 96.27(7); O(1)-Zn(1)-O(2), 
112.201(7); N(2)-Zn(1)-N(1), 122.31(8); N(1)-Zn(1)-O(2), 
111.78(7); O(1)-Zn(1)-O(2), 120.18(7); N(2)-Zn(1)-O(2), 
95.87(7). 
 

The complex retains a pseudo-tetrahedral coordination 
environment at each cobalt center. Like the monomeric 
structure, the angle between the nitrogen and oxygen on 
the same phenolate arm is nearly 90°, although the angle 
between these two planes is somewhat larger, 81.70°, in the 
tetrameric structure. As a result, the τ4 parameter for the 
tetrameric structure is 0.82, indicating a geometry signifi-
cantly closer to a tetrahedron than in the monomer. The 
nitrogen-cobalt and oxygen-cobalt distances remain al-
most unchanged from the monomeric structure. Variable 
temperature NMR spectroscopy was used to probe 
whether this tetramer can convert to the monomeric com-
pound with heating. Several peaks in the spectrum coa-
lesce at 80 °C, however, when the sample was returned to 
ambient temperature, the unchanged tetramer spectrum 
was observed (Figure S3). This result suggests that the te-
trameric structure is more thermodynamically stable. This 
greater stability presumably arises from less steric conges-
tion, which also allows for a geometry closer to a tetrahe-
dron. 

 
Redox Behavior of Cobalt and Zinc Complexes. Cy-

clic voltammetry (CV) was employed to investigate the re-
dox behavior of the synthesized compounds. The CV for 2 
showed a reversible oxidation event at 0.22 V and a second 
quasi-reversible oxidation at 0.93 V vs Fc/Fc+. Compound 

5 displays a reversible oxidation at 0.19 V and a second 
quasi-reversible oxidation at 0.89 V vs Fc/Fc+. As zinc does 
not have any easily accessible redox chemistry, we can as-
sign both of these oxidation events as being ligand based. 
Astoundingly, the cyclic voltammograms for the cobalt 
and zinc complexes are nearly identical, suggesting that 
the cobalt(II)/cobalt(III) couple is not observed at these 
low potentials. Instead these oxidation events must corre-
spond to the iron(II)/iron(III) couple or the formation of 
organic ligand based radicals. However, the specific assign-
ment of these oxidation processes is ambiguous. The one 
electron oxidized species 3 and 6 are notably EPR silent at 
room temperature. The fact that ferrocenium EPR signals 
are usually only observable at liquid helium temperatures50 
coupled with the reversibility of the oxidations suggests 
that the first oxidation corresponds to the oxidation of the 
ferrocene moiety. However, UV-vis spectroscopy was used 
to investigate 2, 3, 5, and 6, and it indicates that all the 
compounds have similar absorption spectra (Figures S30-
S32). If the first oxidation event corresponded to iron oxi-
dation, the characteristic blue color of ferrocenium would 
be expected, manifested as an absorption near 600 nm.51  
The lack of this spectral feature for 3 and 6 instead suggests 
the formation of an organic radical.  The formation of phe-
noxyl radicals upon oxidation of analogous cobalt salen 
complexes is well known.46, 52 However, no activity was ob-
served between 3 and the common radical traps TEMPO, 
diphenyldisulfide, and tributyltin hydride (Figures S11-S13). 

 
Figure 5. Cyclic voltammograms of Co(salfen), 2, and 
Zn(salfen), 5, recorded in dichloromethane with 0.1 M 
[nBu4N][PF6] as the electrolyte. Both CVs are referenced to 
the Fc/Fc+ couple. The y axes of the graphs were normal-
ized to similar dimensions. 
 

The redox behavior of 1 was also investigated to ensure 
that these two remarkably similar cyclic voltammetry pro-
files are not the result of decomposition, although in nei-
ther case was the electrolyte found to decompose the com-
plexes into the free ligand. Furthermore, the CV of the free 
ligand shows two similar oxidation events, however the 
first event appears almost 200 mV lower than for the cobalt 
or zinc complexes (Figure S29). This supports the idea that 
both of these oxidations are related to the supporting lig-
and and that these cyclic voltammograms are not the result 
of decomposition.  Furthermore, 1 was investigated by UV-



 

vis spectroscopy before and after an in situ oxidation with 
[AcFc][BArF

4], resulting in similar spectra to those of 2, 3, 
5, and 6 (Figure S32). 

Hydroalkoxylation of Olefins. Inspired by the work of 
Hiroya and coworkers, compound 2 was investigated for 
catalytic activity toward the hydroalkoxylation of olefins in 
the presence of a silane and an electrophilic fluorinating 
agent in trifluorotoluene. With comparable conditions to 
previous work, the system was shown to be active toward 
the addition of methanol to 4-methoxystyrene as a model 
substrate (Eq 1), reaching completion in twenty four hours. 

  

R

+ MeOH

5 mol% 2

N F
BF4

Si
O

Si
HH

CH2Cl2, 6 h 99%
R

OMe

(1)

 
 

Table 1. Optimization and control reactions for the hy-
droalkoxylation of 4-methoxystyrene.  

En-
try 

Silane Fluorinat-
ing Agent 

Cat-
alyst 

Solvent Conv. 

1 TMDSO NFPBF4 2 C6H5CF3 28% 

2 TMDSO NFPBF4 2 C6H5CH3 14% 

3 TMDSO NFPBF4 2 (CH2)4O 27% 

4 TMDSO NFPBF4 2 CH3OH 56% 

5 TMDSO NFPBF4 2 CH2Cl2 99% 

6 - NFPBF4 2 CH2Cl2 0% 

7 TMDSO NFSI 2 CH2Cl2 0% 

8 TMDSO NFPBF4 - CH2Cl2 0% 

9 TMDSO NFPBF4 Et3N CH2Cl2 0% 

10 TMDSO NFPBF4 4 CH2Cl2 22% 

11 TMDSO  NFPBF4 5 CH2Cl2 0% 

Notes: Reaction time of 6 hours; conversion determined by 
1H NMR integration versus trimethoxybenzene as an inter-
nal standard. TMDSO = 1,1,3,3-tetramethyldisiloxane, 
NFPBF4 = N-fluoro-2,4,6-trimethylpyridinium tetra-
fluoroborate, NFSI = N-fluorobenzenedisulfonimide. 
 

Optimization of reaction conditions (Table 1) led to the 
selection of dichloromethane as the optimal solvent, re-
ducing reaction times to approximately six hours. The sys-
tem demonstrated similar activity toward a variety of sty-
rene derivatives (Chart 1), reaching near quantitative yields 
as determined by NMR spectrocopy in a matter of hours. 
However, little to no activity was observed for a variety of 
other olefin substrates including alkyl olefins and nor-
bornene derivatives indicating a need for activated styrene 
monomers. Various control reactions (Table 1, entries 6-9) 
were performed in order to confirm that all reagents were 
necessary for the reaction to proceed. In addition to the 
standard control experiments (Table 1, entries 6-8), 2 was 
replaced with an organic base, triethylamine (Table 1, entry 

9), as the combination of a silane and halogenation reagent 
was shown to catalyze intramolecular hydroalkoxylation.31 
Interestingly, the tetrameric cobalt complex, 4, also 
showed activity toward hydroalkoxylation although at a re-
duced rate compared to the monomeric compound (Table 
1, entry 10). When using the zinc complex, 5, in place of 2, 
no catalytic activity was observed, demonstrating that co-
balt is necessary for catalysis rather than just the ferrocene 
based ligand or a generic Lewis acid. 
 

 
Chart 1. Products of the hydroalkoxylation reactions. 

 
A mechanism for the cobalt salen catalyzed hydroalkox-

ylation was proposed by Hiroya on the basis of deuterium 
labeling and radical clock experiments (Scheme S1).31 The 
proposed mechanism is consistent with earlier work on co-
balt salen catalyzed hydroalkoxylation done by Carreira, in 
suggesting the formation of a cobalt hydride species capa-
ble of undergoing migratory insertion with an olefin sub-
strate.53 The proposed mechanism notably occurs through 
a cobalt(III) hydride that would necessitate a five coordi-
nate metal center. Therefore, we propose that 2 is fluxional 
in the presence of alcohols, allowing it to adopt a square 
pyramidal geometry and access the cobalt(III) oxidation 
state. The presence of this fluxional behavior is evidenced 
by the formation of the tetrameric species [Co(salfen)]4 (4) 
in the presence of methanol. This rearrangement necessi-
tates a fluxional ligand behavior and is only observed in the 
presence of methanol; this fact may also explain the com-
plex’s activity toward hydroalkoxylation but not toward 
other types of hydroelementation reactions. 

The proposed mechanism notably invokes cobalt(III) in-
termediates, yet this oxidation state does not appear acces-
sible under cylic voltammetry conditions. Several attempts 
to generate cobalt(III) complexes were undertaken in or-
der to test this mechanistic proposal. Cobalt(III) salen 
complexes are typically generated by the aerobic oxidation 
of the corresponding cobalt(II) complex in the presence of 
a nucleophile.54 Such attempts with 2 were unsuccessful, 
resulting in free ligand due to hydrolysis. Chemical oxida-
tion of 2 in the presence of alkyl phosphines, imidazole, or 
acetic acid resulted in either a complex mixture of products 
or free ligand (Figures S14-S16). In contrast to direct oxida-
tion, attempts were also made to generate a cobalt(III) 
complex by first reducing 2 to cobalt(I) since it is known 
that cobalt(I) compounds undergo oxidative addition of al-



 

kyl halides to generate cobalt(III) alkyl complexes.55 Re-
duction with either sodium metal or KC8 afforded a black 
compound presumed to be a cobalt(I) complex (Figure 
S17). However, this compound did not undergo any reac-
tion in the presence of alkyl or aryl halides (Figures S18-
S19). Furthermore, a reaction using a cobalt(III) salt, 
Na3[Co(CO3)3], as a starting material was unsuccessful (Fig-
ure S20). These results are expected since cobalt(III) is sub-
stitutionally inert56 and, therefore, rarely used as a starting 
material. These efforts were further hindered by the insol-
ubility of most simple cobalt(III) salts in common organic 
solvents.  

In addition, cobalt(II) complexes are known to begin co-
balt mediated radical polymerization by generating a co-
balt(III) hydride, which can be trapped by olefins.57 How-
ever, heating 2 in the presence of azo-bis-iso-butyronitrile 
and a styrene afforded no reaction (Figure S21), producing 
neither a cobalt(III) alkyl complex nor a polymeric mate-
rial. The lack of success in generating a cobalt(III) complex 
further supports the assignment of the oxidation events 
described previously as ligand based.  

In contrast to 2, the oxidized compound, 3, was found to 
be inactive toward hydroalkoxylation even for styrene sub-
strates. This promising finding coupled with the chemical 
reversibility of the compound’s oxidation and reduction 
suggested that the cobalt complex could be used as an in 
situ on/off switch. This switch was successfully demon-
strated with the hydroalkoxylation of 4-methoxystyrene, 
beginning with compound 2 (Figure 6). The activity was 
completely halted upon oxidation with acetylferrocenium 
[BArF

4]. Subsequent reduction with CoCp2 and the addition 
of another equivalent of the silane and fluorinating agents 
nearly restored full activity. If additional silane and fluori-
nating agent were not added, however, the reaction stalled 
out sooner. If the two reagents were not added immedi-
ately after reduction, they could be added several hours 
later, when the reaction had stalled, to increase conversion 
to some degree. Notably, in neither case did the reaction 
reach the near quantitative yields observed in the absence 
of the redox switch. This observation can be attributed to 
some decomposition of the catalyst or side reactions 
caused by the in situ oxidation and reduction evidenced by 
the appearance of some unknown 1H NMR signals after the 
reduction took place (Figure S10).  

 

Figure 6. Plot of conversion (as determined by 1H NMR in-
tegration versus trimethoxybenzene as an internal stand-
ard) versus time of the redox switch for the hydroalkoxyla-
tion of 4-methoxystyrene. [AcFc][BArF

4] was added after 
two hours and cobaltocene was added after four hours. 
 
Conclusions 

Incorporating a ferrocene moiety into the backbone of a 
cobalt salen, a well-studied class of catalysts, produced a 
complex with unusual steric, electronic, and electrochem-
ical properties. Co(salfen) exhibits a pseudo-tetrahedral 
geometry at the cobalt center, an unusual geometry among 
salen complexes of any metal and the first crystallograph-
ically characterized cobalt example. Magnetic data con-
firms the presence of three unpaired electrons consistent 
with a tetrahedral d7 cobalt(II) species. Furthermore, the 
compound has two oxidations at potentials low enough to 
be observed by cyclic voltammetry. Surprisingly, the corre-
sponding zinc complex, which also exhibits a pseudo tet-
rahedral geometry, displays a nearly identical cyclic volt-
ammogram to that of Co(salfen). Accordingly, both of the 
observed oxidations can be assigned to the supporting lig-
and: one to the oxidation of the ferrocene iron center from 
II to III and the other generating an organic radical. Alt-
hough the oxidation from cobalt(II) to cobalt(III) is typi-
cally easily accessed in square planar cobalt salen com-
plexes, our studies indicate that this process cannot be ac-
cessed easily. The unique torsional flexibility and redox ac-
tivity of the ferrocene backbone result in a compound 
vastly different from previously reported cobalt salen com-
plexes. 

Surprisingly, this cobalt complex is able to catalyze the 
hydroalkoxylation of olefins similar to other cobalt salen 
complexes, albeit with a much smaller substrate scope. As 
this reaction was proposed to involve the formation of a 
cobalt hydride, the complex must exhibit some fluxional 
behavior in solution to open up a coordination site neces-
sary for the hydride ligand. The possibility of this fluxional 
behavior is evidenced by the formation of a tetrameric 
structure in the presence of methanol. Furthermore, oxi-
dation and reduction of the ferrocene moiety modulates 
reactivity toward hydroalkoxylation in an on/off manner, 
where the oxidized compound is inactive.  
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SYNOPSIS TOC. The hydroalkoxylation reactivity of a cobalt catalyst supported by a ferrocene-derived salen ligand 
could be modulated in situ by using redox chemistry. For example, the ferrocene catalyst was found to catalyze the 
hydroalkoxylation of styrenes, while the ferrocenium species was found to be inactive in the same reaction.
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