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ABSTRACT: Reactions of Fischer alkoxycarbene complexes
[W(CO)s{C(OEt)Ar}], Ar = thienyl (1) or furyl (2), with ethylene
diamine lead to the formation of two different reaction products:
an aminolysis product (5 or 6) where the ethoxy substituent of the
carbene ligand is replaced by the ethylene diamine moiety, as well
as a chelated product where aminolysis and substitution of one
carbonyl ligand had taken place, yielding 7 or 8. Aminolysis of 1
and 2 with cyclohexyl amine (CHA) produced the aminocarbene
complexes 3 (Ar = thienyl) and 4 (Ar = furyl). Complexes 1-8 are
electrochemically investigated by means of cyclic voltammetry.
The relative shifts in the oxidation and reduction potentials are
discussed and related to density functional theory (DFT) calculat-
ed energies. DFT calculations further show that the oxidation
center is located on the metal and the carbonyl groups, while the
reduction center is localized on the carbene moiety and is strongly
influenced by the electronic properties of its substituents. Crystal
structures of 1-4, 6 and 8 are reported.

INTRODUCTION

Several modifications of classical carbonyl derived carbenes have
been attempted.'** Both the carbene substituents and the ligand
sphere of the metal can be altered, allowing modulation of both
the reactivity and the stability of these complexes.
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L = Ligand; X = Heteroatom; Y = Substituent;
R = Alkyl or Aryl Group

Figure 1. Potential sites of Fischer carbene modification

Fischer carbenes are generally characterised by the
presence of at least one heteratom substituent on the
carbene carbon,*>® which is represented by X in Figure
1. X is generally an O, N, or S atom, since these het-
eroatoms have lone pairs which can stabilize the car-
bene by n-donation. The substituents found in position
Y range from alkyl and aryl derivatives to heteroatoms.
Modifications of the ligand sphere of the metal can also
be performed (reaction 1, Figure 1). However, to main-
tain the classical low oxidation state of Fischer car-
benes, the CO ligands should be substituted with neutral
ligands.”® Fischer carbenes are known to be electro-
philic and are thus susceptible to nucleophilic attack on
the carbene carbon.*™ Alkoxycarbenes are readily al-
tered in this manner, which leads to the formation of
amino, thio- and aryl-carbene complexes, respectively
(reaction 3, Figure 1).'° Of these modifications, aminol-
ysis has been used most extensively'' because of the
relative ease of the reaction and the increased stability
of the products. Aminocarbenes were synthesised not
long after the first stable alkoxycarbene.'> Aminolysis
of alkoxy Fischer carbenes occurs in a similar fashion to
the reaction of an ester with an amine, and is base cata-
lysed."”® Alternative methods for the production of ami-
nocarbenes include the Hegedus synthesis'* and nucleo-
philic attack of isocyanide metal complexes® as well as
nucleophilic attack of a carbonyl group with an amino
lithium salt, for example LDA." In a recent density
functional theory (DFT) study by Sol4,'" the mechanism
of aminolysis was found to proceed via a zwitterionic
intermediate that was generated by the nucleophilic at-
tack at the carbene center. Applications of aminocar-
bene complexes include polymer-bound amino chromi-
um Fischer carbene complexes'® and aminocarbenes are
used in the Pauson-Khand cyclization reaction.'” The
activation of photochemical inert tungsten carbene
complexes was achieved by modification of an ami-
nocarbene’s ligand sphere.18 In this study the Y substit-
uent was represented by either a furyl ring or a thienyl
ring (position 4, Figure 1). In a recent report by Ludvik
et al.” on the electrochemical properties of chromi-
um(0) aminocarbene complexes with heteroaryl carbene



substituents, it was found that neither a change in het-
eroaryl, nor a different position of its attachment (2-
position vs. 3-position) had a marked influence on the
oxidation behaviour, indicating limited metal-carbene
communication. For the reduction, the thienyl and furyl
heterocyles showed similar behaviour, but the complex-
es with heteroaryls attached at the 2-position were more
easily reduced than those at the 3-position.

The design of new carbene systems requires an under-
standing of their redox abilities, as well as knowledge of
the relationship between structure and chemical proper-
ties. We therefore present with this contribution struc-
tural and electrochemical studies of a series of alkoxy-
and aminocarbene complexes of tungsten(0). The influ-
ence of different heteroatoms (O vs. N), ligands (che-
lates vs. non-chelates) and substituents (thienyl vs. fu-
ryl) on the oxidation and reduction potentials of these
tungsten(0) complexes is expressed quantitatively, and
correlated with electrochemical data by means of DFT
calculated energies.

RESULTS AND DISCUSSION

Synthesis of carbene complexes

Fischer carbenes can be synthesised by two methods,
namely the original “Fischer route” and the Hegedus-
Semmelhack synthesis.”**"'* The classical “Fischer
route” is still the most popular and makes use of the ad-
dition of lithium salts of organic substituents to the met-
al carbonyl reagent. This is followed by O-alkylation
using hard alkylation agents, thus yielding alkoxycar-
benes. The Fischer method finds its greatest limitation
in the availability of the organolithium reagent. The
Hegedus-Semmelhack synthesis offers an alternative to
the Fischer route when such limitations are found. For
the synthesis of heteroaryl carbenes, the “Fischer route”
is most often used.”***** This method was thus used for
the synthesis of the known ethoxy Fischer carbene
complexes 1% and 226, which were the precursors to the
novel complexes 3-8. Monocarbene complexes 1 and 2
were prepared by deprotonation of the corresponding
heteroaryl ring at low temperatures in tetrahydrofuran
(THF), metallation and finally alkylation with tri-
ethyloxonium tetrafluoroborate in dichloromethane
(DCM). Both products were bright red.

8

Scheme 1. Synthesis of aminocarbene complexes

When 1 or 2 was reacted with 2,2’-bipyridine (bipy), no
substituted Fischer carbene complexes could be isolated
(Scheme 1). The known compound [W(CO)4(bipy)], I
was formed exclusively in each case. Carbene ligand
substitution (reaction 2, Figure 1) in this instance domi-
nated due to electronic reasons. Reaction of the
alkoxycarbene complexes with cyclohexyl amine
(CHA) resulted in the substitution of the alkoxy group
by an amine substituent (reaction 3, Figure 1). CHA is a
sterically demanding group, and very few examples of
aminocarbene complexes with this substituent are found
in literature.”® Ethylene diamine (EDA) has two nitro-
gen groups, which can both be used for aminolysis (re-
action 3, figure 1), thereby allowing two complexes to
be linked,? or if the reaction conditions are controlled
correctly, a chelate may be formed (reactions 1 and 3,
Figure 1). Aminolysis of complexes 1 and 2 with eth-
ylene diamine, followed by the formation of an amino
chelate was investigated in this study. This allowed for
comparison of the effect of o-donors (amines) and o-
donor, m-acceptors (carbonyls) on the properties of the
carbene complexes.

Complexes 3, 4, 5 and 6 were synthesised using classi-
cal aminolysis methods.*”*° The required amine was
added to a solution of the ethoxy monocarbene com-
plexes (1 and 2) at room temperature. For the novel
complexes 3 and 4 diethyl ether or THF was used as
solvent. Generally, ethers are the preferred solvents for
aminolysis. This is due to the increased reaction rate be-
cause of the stabilisation of the reaction intermediates.
DCM was used instead of diethyl ether for the synthesis
of complexes S and 6. Purification of these complexes
was found to be complicated when ethers were used as
solvents. It is possible that the solvent molecules be-
came trapped due to hydrogen bonding with the free
NH,-moiety that was present in § and 6. However, this
reaction occurred readily in both DCM and toluene, thus
these solvents were used. Purification of § and 6 was
not needed since the reactions went to completion. The-
se reactions could be followed easily by observing the
colour change. Generally the bright red ethoxy tung-
sten(0) pentacarbonyl heteroaryl carbene (1 and 2) solu-
tion would change to a bright yellow colour.

The formation of complexes 7 and 8, respectively, was
readily accomplished by heating the monocarbene com-

X plex 1 or 2 with ethylene diamine to allow for substitu-

; I\;,BS(L; tion of a carbonyl ligand (Scheme 1). The product pre-

3 Eté éGF cipitated out of solution as an orange solid, allowing for

P effortless purification. Complexes 7 and 8 were not

@_@ readily soluble in solvents such as hexane and DCM.
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3:X=5 / \ OC CO and infrared spectroscopy as well as mass spectrometry.
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Atom-numbering schemes are shown in figures 4-9. Al-

\) tering the heteroatom substituent on the carbene is ex-
pected to have a large effect on all of the spectra record-
ed for the complexes. Amino groups are known to be

W(co) (OC)4W better m-donor substituents on carbenes than ethoxy
groups.’®**? The carbene carbon and the heteroaryl
substituent should thus be more shielded in aminocar-
benes than in ethoxycarbenes.
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e The '"H NMR spectra of the aminolysis products indi- .

cated several interesting changes due to the replacement

of the ethoxy group with a cyclohexyl amine moiety. Figure 2. Resonance forms of Z and E configurations of the
Firstly, and most notably, the order of the proton chemi- aminocarbene substituent

cal shifts changed for the thienyl aminocarbene deriva-
tives (3, S, 7), when compared to the ethoxycarbene
complex (1). Protons in the same relative relationship to
one another have the same coupling constants. Assign-

e In addition, the heteroaryl ring may have the heteroatom
either facing to or away from the metal center. There are
hence four different conformers possible for 3 and 4

ments for H8 and H10 could be made by examining the (Figure 3).

coupling constants. For 1, H8 is found more downfield .

than H10. The assignments clearly showed an inversion

of these proton chemical shifts, relative to one another Figure 3. Four possible conformers for complexes 3 and 4

for 3, 5 and 7, and H10 now has the more downfield
shift. The altered relative chemical shifts observed for
H8 and H10 indicate the large effect aminolysis has on
the carbene carbon. This order was also noted for the Cr
analogue by Connor e.al®® For all the furyl carbene
complexes (2, 4, 6, 8), H10 has the more downfield
chemical shift value.

e It was noted by Streubel’” and Moser and Fischer* that

the chemical resonance observed for the amino proton
of Z aminocarbenes is lower than in £ aminocarbenes.
The downfield shift observed for the £ amino proton is
due to deshielding of the proton by the metal center.
Comparison of the chemical shifts of N-H and H11
found for isomers 4 and B of 3 indicates that isomer 4

e  The protons of the heteroaryl ring will be more shielded has a Z amino configuration, while isomer B should
and have more upfield shifts for the aminocarbene com- have the E amino configuration. The chemical reso-
plexes (3-8) when compared to the corresponding eth- nance observed for H8 of 3 is shifted more upfield in
oxy derivative (1 or 2). It is important to note that for isomer B than in isomer 4, which indicates two different
both complexes 3 and 4, two isomers were observed on conformations for the heteroaryl ring. H8 would be
the NMR spectra, denoted isomer 4 for the major iso- shifted most downfield when closest to the metal center
mer and isomer B for the minor isomer in each case. (E-conformation). This leads to the conclusion that iso-
However, the concentration difference was much more mer A of 3 has a conformation similar to conformer 1
pronounced for the thienyl derivative (90:10) than the (i.e. Z,E) in Figure 3, while isomer B of 3 is proposed to
furyl derivative (65:35). Two isomers were also ob- have the same conformation as conformer 4. The crystal
served for amino dimanganese thienyl and furyl carbene structure found for 3 is also the major isomer in solu-
complexes.** Aminocarbenes are known to exhibit both tion, i.e. conformer 1. Similar reasoning did not hold for
E and Z configurations (Figure 2).” These isomers oc- the furyl derivative, 4. The preferred conformation
cur due to the restricted rotation about the N-Cearvene could not be deduced from the 'H NMR data. However,
bond, which has double bond character due to n- it is clear that different conformations are preferred for
donation from the nitrogen atom to the carbene carbon complex 3 than complex 4. However, since only a sin-
(Figure 2). This is ascribed to better n-donor ability of gle isomer, corresponding to conformer 1 (Figure 3)
the nitrogen lone pair of the amino substituent to stabi- was observed in the crystal structures of both deriva-
lise t?e carbene carbon compared to the ethoxy substit- tives (3 and 4), it is suggested that this phenomenon oc-
uent. curs mainly in solution. When compared with cyclo-

- hexyl amino chromium carbene complexes synthesised
% R N@ R by Connor et.al,* a similar trend in the proton chemi-
e R1/ X cal shifts is observed. The shifts are, however, more up-
field in the complex synthesised by Connor et.al. on
[M? both the 'H and **C spectra. The difference is most like-
ly due to different Y groups present on the carbene, as

Resonance form | Resonance form 17 well as the different metals, Cr vs. W.

" R; e The most notable change on the *C NMR spectra of the

| | aminocarbene complexes compared to the ethoxycar-

N R /N R bene analogues, is the large upfield shlﬁ (.50-60 ppm)
R1/ H for the carbene carbon (C6) resonance. Similar decreas-
-~ es were noted in literature when ethoxy substituents
] ™M] were replaced with amines.”” Increased m-donation
from the amino group when compared to the ethoxy

group, decreases m-contribution needed from the het-

@ ®
H X Ry X eroaryl ring, resulting in the upfield shift of the carbene
| \ | \ carbon resonance. The carbene chemical shifts ranged
N SN N S from 218 ppm to 246 ppm. These shifts are lower than
R n those observed in literature.™ It is interesting to note
that the change from an ethoxycarbene to an aminocar-

W(CO)s W(CO)s bene is not reflected in the C carbonyl shifts of the
complexes in this study. However, other aromatic tung-
sten carbenes also do not show a significant difference
in the carbonyl shifts when the ethoxy group is substi-

H \ Ky \ tuted for an amino substituent.'® It has been suggested
‘ / I by Connor et.al. that the larger orbitals found on tung-
Ry /N < . AN < sten do not distribute modifications of the ligand sphere

W(CO)s W(CO)s

Ry

M]

Conformer 1; (Z,E) Conformer 2; (E,E)

Conformer 3; (Z,7) Conformer 4; (E,Z)

Ry = Cyclohexyl



to the carbonyl groups as efficiently as in the chromium
analogues.

NMR data confirmed the proposed structures for the
ethylene diamine carbene complexes 5-8, which corre-
lated well with literature data.®® 7 and 8 both show a
large downfield shift for the two protons on N2. This
indicates deshielding of the protons due to coordination
of N2 to the metal, as would be expected. Furthermore,
the chemical resonances noted for the *C NMR data of
the heteroaryl ring components of complexes 7 and 8
were shifted downfield when compared to 5 and 6. This
could indicate increased electron donation from the het-
eroaryl carbene substituent to the carbene center, how-
ever it is more likely that the changes were due to sol-
vent shifts. If the *C NMR spectra of 5 and 7 are com-
pared, one can clearly observe the changes that occur in
the molecule when chelation occurs. Firstly, three car-
bonyl peaks are observed for complexes 7 and 8, as one
would expect for three non-equivalent carbonyl groups.
The carbon resonance peaks associated with the carbon-
yl groups are further downfield for 7 than for 5. The
chemical shifts associated with carbonyl groups depend
on the ligand trans to it and follow the following trend:
CO < amine < carbene. The spectra of 7 and 8 clearly
indicate that this trend was followed since the resonance
peak associated with CO3, which is trans to the amine,
is only 3 ppm upfield from that of CO1, which is trans
to the carbene. Lastly, the BC resonance peak for the
carbene carbon, C6, is shifted downfield when 7 is
compared with S, indicating that the carbene is more
deshielded in 7 than in 5.

IR Spectroscopy

Metal pentacarbonyl systems are expected to have Cyy
symmetry with three IR-active bands.*”® However, the
presence of a bulky L ligand such as a carbene can re-
sult in a fourth band being seen. Complexes 1 and 2 do
not reflect this due to extensive overlap of the various
bands. Only the 4,° band could be assigned unambigu-
ously. The second band represents overlap of the other
three expected bands. On the spectra of 3 and 4 only
one set of bands was observed for both isomers. Metal
tetracarbonyl systems (M(CO),L,L,) show varying
symmetry patterns which depend both on the substitu-
tion pattern and the nature of the ligand L. On the two
metal tetracarbonyl complexes 7 and 8, four strong
bands were observed.

The 4,° band in metal pentacarbonyl systems is seen as
the distinctive CO frequency.®’ If this frequency is con-
sidered as distinctive for all the carbonyl systems stud-
ied, then a correlation between the compounds can be
made. There is a marked decrease in the wavenumber of
the A; band with each successive carbonyl substitution,
which correlates well with increased electron density
being available for metal n-backbonding to the carbonyl
groups upon substitution for a weaker m-acceptor ligand.
In conclusion, it can thus be seen that each set of com-
plexes has a distinctive IR pattern which can be used for
identification, and reflects the changes in metal 7-
donation.

Crystallography

Suitable crystals of 1-4, 6 and 8 were obtained from di-
chloromethane:hexane (1:1) solutions and molecular
structures determined with single-crystal X-ray diffrac-
tion analysis. The molecular structures of these com-

plexes with the atom-numbering scheme are shown in
figures 4-9. Selected bond lengths, bond and dihedral
angles are given in Table 1. Only the major orientation
of the thienyl substituent in 3 is shown in Figure 6, as
this structure has some disorder in the thienyl ring. The
ring adopts two orientations and the occupancy of the
positions of C8 and S1 was refined to a ratio of
56.4:43.6 for S1:C8. The complexes 1-4, 6 and 8 crys-
tallized in the following space groups: P2;/m, Ama2,
P2,/m, P-1, P2,/n, C2/c, respectively.

Figure 4. Perspective view of 1 with thermal ellipsoids drawn
at the 50% probability level

These octahedral complexes all have a planar confor-
mation with the heteroaromatic ring, the carbene carbon
atom (C6), the carbonyl group #rans to the carbene bond
(COL1), the metal (W) and the heteroatom (O7/N1) all in
the same plane. Of importance to note is the anti con-
formation (dihedral angle 180°) of the heteroatom (S/O)
in the heteroaromatic ring with respect to the O7/N1
group in 2. Both syn and anti conformation are exhibit-
ed by 3 in a ratio of 56.4:43.6. The other complexes all
have syn orientations for these substituents.

The W-Ceuonyl bond distances vary significantly. The
W-C1 bonds that are trans to the W-Cypene bonds have
similar distances, varying from 1.994 A to 2.019 A.
This is shorter than the average W-Ccis bond distances
that vary from 2.037 A to 2.100 A, as expected. The
carbene is a weaker m-acceptor ligand than the carbonyl
group and thus allows for stronger n-donation from the
metal to the rans carbonyl groups.

The W-Ceapene bond distances are influenced by the na-
ture of the non-aromatic heteroatom substituent on the
Ceabene- In 1 and 2, both with OEt substituents, the aver-
age bond distance for W-C6 is 2.204 A, shorter than the
average value of 2.235 A observed for 6 and 8 with
NCCN substituents. The largest average bond distance
is observed for W-C6 in 3 and 4 with CHA groups is
2.260 A. This is consistent with resonance form I in
Figure 2. The planar geometry around the Ceypene Te-
flects the sp® character of this atom. The C7-C6-06
bond angles in 1 and 2 are smaller than the C7-C6-N1
angles in 3, 4, 6 and 8. The reported W=C values are

consistent with literature values for similar complex-
2441
es.””



Figure 5. Perspective view of 2 with thermal ellipsoids drawn
at the 50% probability level

e In complex 2, the C6-C7 bond of 1.344(10) A is signifi-
cantly shorter, while the C6-O7 bond is meaningfully
longer than in the other complexes. This may be a result
of stabilization of the anti conformation due to some or-
bital interaction between the lone pairs of O6 and anti-
bonding orbitals on the two carbonyls CO2.*

Figure 6. Perspective view of 3 with thermal ellipsoids drawn
at the 50% probability level

Table 1. Selected Bond Lengths (A), Bond and Dihedral Angles (deg)

WI1-C6
WI1-CO1
W1-COcis®

C6-C7
C7-C8
C8-C9
C9-C10
C10-S1/06
C7-81/06

1
2.208(2)
2.019(3)
2.049(2)

1.441(3)
1.384(3)
1.409(4)
1.365(4)
1.705(3)
1.742(2)

2
2.199(3)
2.009(4)
2.043(7)

1.344(10)
1.356(8)
1.420(7)
1.135(22)
1.448(19)
1.423(9)

3

2.269(5)
2.006(5)
2.048(4)

1.473(6)
1.411(12)
1.451(12)
1.335(8)
1.590(7)
1.701(6)

4

2.251(4)
2.000(4)
2.040(4)

1.466(5)
1.350(5)
1.424(5)
1.336(6)
1.362(4)
1.392(4)

6

2.240(1)
2.010(2)
2.037(2)

1.453(3)
1.373(3)
1.428(3)
1.337(4)
1.369(3)
1.381(3)

8
2.231(5)
1.994(6)
2.100 (6)
1.939(5) (CO3)
1.451(7)
1.347(7)
1.416(8)
1.339(8)
1.352(6)
1.389(6)



C6-N1/07 1.330(3) 1.414(10) 1.330(5)
C1-W1-C6 176.4(9) 178.6(6) 177.43(18)
W1-C6-07/N1 128.58(15) 124.3(6) 125.5(3)
W1-C6-C7 124.84(15) 129.8 (6) 122.3(3)
O7/N1-C6-C7 106.57(18) 105.8(3) 112.2(4)
0O7/N1-C6-C7-S1/06 0.000(1) 180.000(1) 0.000(2),
180.000(1)
W1-C6-07/N1-C11 0.000(1) 0.000(1) 0.000(1)
W1-C6-C7-S1/06 180.000(1) 0.000(1) 180.000(1),
0.000(2)

# Average cis carbonyl bond length

® Two values due to disordered thienyl ring

Figure 7. Perspective view of 4 with thermal ellipsoids drawn
at the 50% probability level

If one considers the various C-N bonds, it can be clearly
seen that the C_,pene-N1 bonds are much shorter than the
C-N2 bond of the chelate backbone in complex 8. The
reduced C-N1 bond length for the C upene-N1 bond
shows increased bond order between this carbon and ni-
trogen (Resonance form /1, Figure 2). The only excep-
tion to this trend is 3. This may be ascribed to the orien-
tational disorder of the heteroarene substituent in the
structure.

8 has a six-membered chelate ring formed by the metal,
carbene carbon and the ethylene diamine chelate. Six-
membered rings generally take on a chair conformation;
however, when a double bond is present this is not pos-
sible.

1.320(5) 1.313(3) 1.317(6)
177.81(14) 178.82(8) 173.82(17)
127.3(3) 126.29(14) 123.7(4)
120.8(3) 122.51(13) 122.5(3)
111.9(3) 111.19(17) 113.7(4)
6.1(4) 0.2(3) 74(7)
-4.9(5) 4.73) -5.3(7)
-172.2(2) 178.97(14) -169.0(3)

c1

o1

Figure 8. Perspective view of 6 with thermal ellipsoids drawn
at the 50% probability level

The ring will then take on the chair conformation as far
as possible resulting in puckering. Puckering of this na-
ture was observed in 8 for the N2-C12-C11-N1-C6 por-
tion of the structure. The W-CO3 bond is much shorter
than the bond length of either of the other carbonyl
groups in 8, as well as the carbonyl bonds in the other
structures (Table 1). Amines, o-donor ligands, do not
have m-interactions with the metal. Therefore the car-
bonyl group trans to the amine will have the largest
amount of m-metal donation and the shortest bond
length, as observed.



Figure 9. Perspective view of 8 with thermal ellipsoids drawn
at the 50% probability level

ELECTROCHEMISTRY

e 1-8 were submitted to an electrochemical study utilizing
cyclic voltammetry (CV) and Osteryoung square-wave
voltammetry (SW), in order to verify their stability un-
der redox conditions, as well as the chemical and elec-
trochemical reversibility- The CV’s at 100 mV s are
shown in Figure 10 and the data are summarized in Ta-
ble 2. All CVs showed one oxidation and one reduction
process, indicated with (a) and (b) in Figure 10, respec-
tively.

I1OMA ) 2 g M
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Figure 10. Cyclic voltammograms of c.a. 0.5 mmol dm™ solu-
tions of 1-8 in CH3CN / 0.1 mol dm™ ["(Buy)N][PF¢ on a
glassy carbon-working electrode at a scan rate of 100 mV s
Osteryoung square wave voltammogram (OSWYV) of 3 are
also shown. CV peaks due to the internal standard used, are
marked FcH or Fc*. Scans initiated in the positive direction
from -500 mV (complexes 1 and 2) or from c.a. -750 mV. Oxi-
dation peaks are marked with (a) and reduction peaks with

(b).

e  The oxidation process is assigned to the oxidation of the
tungsten metal on grounds of DFT calculations of fron-

tier molecular orbitals (FMOs) of the studied molecules,
focusing on the electron delocalization (see the DFT
section below). This assignment is in agreement with
the experimental assignment of the oxidation of a series
of five alkoxy, amino and hydrazino carbene complexes
of tungsten by Licandro ef. al.** and two aminocarbene
complexes of tungsten reported by Ludvik.** The reduc-
tion peak observed at potentials below 1500 mV wvs.
Fc/Fc' is localized on the carbene moiety according to
Ludvik. This assignment is supported by the DFT calcu-
lations of 1-8 in this study.

Oxidation

e  The first oxidation peak for complexes 1-8 is observed
at 5-20 mV vs. Fc/Fc' for the tetracarbonyl complexes 7
and 8, and between 420 and 730 mV vs. Fc/F¢” for the
pentacarbonyl complexes 1-6 of this study. The tung-
sten carbene complexes 1-6 feature a chemically irre-
versible first oxidation peak; in other words, the product
of the first oxidation step appears not to be chemically
stable. For complexes 7 and 8, however, the oxidation
process is electrochemically (AE = 86 mV) and chemi-
cally (i,¢/ipa = 0.7) quasi reversible. Electrochemical and
chemical reversible redox processes are characterized
by AE = E,, — E; = 59 mV and i,/i,,, = 1 (when the dif-
fusion coefficients of the oxidized and reduced forms of
the couple are identical or near identical).*’ Comparing
the characteristics of the oxidation peak of complexes 1-
8 it is evident that:

e  Thienyl vs. furyl ligand (compare 1 to 2, 3to 4, S to 6
and 7 to 8): For the aminocarbene complexes 3 — 8 the
oxidation peak shift between 15 and 95 mV more posi-
tive by changing the thienyl ligand (Y in Figure 1) to fu-
ryl. The shift is positive, as expected due to the higher
donor ability of sulfur. For the alkoxy complexes 1 (E,,
=728 mV) and 2 (E,, = 697 mV), the shift is reverse.
The same “reverse” trend is obtained for the oxidation
potential of the related Cr-alkoxycarbene complexes
[Cr(CO)s{C(OEt)Ar}], Ar = thienyl (E* = 496 mV) or
furyl (E° = 454 mV)**" and for the Ti"™ couple of p-
diketonato-titanocene complexes
[Cp,Ti(CF;COCHCOR)]" with Cp = cyclopentadienyl
and R = thienyl (£” = -619 mV) or furyl (E” = -625
mV).* On the other hand, the oxidation potential for
Cr-aminocarbene complexes [Cr(CO)s{C(NH,)Ar}], Ar
= thienyl or furyl were the same,” while for Cr-
aminocarbene complexes [Cr(CO)s{C(N(CH;),)Ar}],
the oxidation potential of the complex with Ar = thienyl
< Ar = furyl."” These results show that the electronega-
tivity of O and S alone, cannot forecast the order of oxi-
dation thienyl or furyl-containing complexes.

e  Alkoxy- vs. aminocarbene (compare 1 and 2 to 3 and 4
or 5 and 6): The alkoxycarbenes are more difficult to
oxidize (higher, more positive E,,) than the aminocar-
benes. This is consistent with the higher electronegativi-
ty of the oxygen atom with respect to nitrogen.

e  Chelate vs. non-chelate (compare 5 and 6 to 7 and 8):
the chelates (7 and 8) are oxidized 400-450 mV less
positively (much more easily) than the corresponding
non-chelates (5 and 6). This is expected since CO is a
better m-acceptor than an amine ligand. With five CO
groups having strong m-acceptor properties, electron
density on W is diminished and oxidation is thus more



difficult. In the chelate, one electron withdrawing car-
bonyl is replaced by a nitrogen-containing ligand, an
electron-donating group; therefore, the oxidation of the
chelate is significantly easier. This result is in agree-
ment with the ease of oxidation of the non-chelated pen-
tacarbonyl[(N,N-dimethylamino)phenylmethylene]-
tungsten(0) complex (300-400 mV less positively) vs.
the chelated tetracarbonyl[(n*-N-allyl-N-
allylamino)phenylmethylene]-tungsten(0) complex.*

e  Electron donation by the nitrogen atom of the chelate
ring in complexes 7 and 8 stabilize the oxidized W(I)
radical long enough on the timescale of the CV experi-
ment that the oxidation process is electrochemically and
chemically quasi reversible, contrary to the oxidation of
the other W-carbenes of this study, complexes 1-6, that
are electrochemically and chemically irreversible.

e  Experimentally, in solution on NMR, two isomers each
of 3 and 4 were observed. The W(0) oxidation peak of
the CV of both 3 and 4 in Figure 10 showed a small
shoulder at the lower potential side, that can be inter-
preted as the presence of two W(0) isomers in solution,
being oxidized at a slightly different oxidation potential.
The Osteryoung square wave voltammogram (OSWYV)
of 3 in Figure 10 shows a very poorly resolved shoulder
for the oxidation process. The reduction process of 3 at -
2028 mV s did not show any trace of a second isomer
being reduced at a slightly different reduction potential.

The largest shift in the oxidation potential for complexes 1-8 is
observed for the chelates (7 and 8) relative to complexes 1-6. This
is understandable since the oxidation center is mainly W-metal
based. The electronic influence of any group or ligand directly
attached to W will be more pronounced than the influence of sub-
stituents on the carbene ligand.

Reduction

e  The first reduction peak for complexes 1-8 is observed
at -1565 to -1545 mV vs. Fc/Fc" for the alkoxycarbene
complexes 1 and 2, and between -2330 and -2070 mV
vs. Fc/Fc' for the aminocarbene complexes 3- 8 of this
study. For complexes 1 and 2 a small re-oxidation peak
is observed with AE' = 86 mV and i, << i, making the
reduction of these complexes chemically irreversible,
but electrochemically quasi reversible. For complexes 3
and 4 the re-oxidation peak intensifies with increasing
scan rate (Figure 11 for 4) and AE = 66-70 mV and
making the reduction of these complexes 3 and 4 chem-
ically quasi reversible, and electrochemically reversible.
An increase in the iy,/iy ratio with increase in scan rate
indicates that the reduced W-carbene radical complexes
3 and 4 are stabilized long enough on the time scale of
the CV to be re-oxidized. Comparing the characteristics
of the reduction peak of complexes 1-8 it is evident that:

e  Thienyl vs. furyl ligand (compare 1 to 2, 3to 4, Sto 6
and 7 to 8): The reduction peak shifts c.a. 100 mV more
negative by changing the thienyl ligand (Y in Figure 1)
to furyl. The thienyl-containing carbenes are thus re-
duced at a less negative potential. The reduction poten-
tial for [Cr(CO)s{C(OEt)Ar}], Ar = thienyl (E” = -1552
mV) or furyl (E° = -1649 mV) is in the same order.*®
The opposite order is observed for the reduction of
[Cr(CO)s{C(N(CH3),)Ar}], the reduction Eotential of
the complex with Ar = thienyl < Ar = furyl.!

e  Alkoxy- vs. aminocarbene (compare 1 and 2 to 3 and 4
or 5 and 6): The reduction potential shifts with more
than 500 mV more positive when changing from an
amino to an ethoxy group, as the carbene carbon atom
becomes more positively charged when bonded to the
more electronegative oxygen atom, compared to nitro-
gen. The alkoxycarbenes are thus reduced more easily
than the aminocarbenes, at a less negative potential.

e  Chelate vs. non-chelate (compare 5 and 6 to 7 and 8):
The chelates (7 and 8) are reduced 120-160 mV more
negative than the corresponding non-chelates (5 and 6).
The shift in the reduction potential of the chelate vs
non-chelate is not as significant as the shift observed for
the oxidation potential (400-450 mV).

The largest shift in the reduction potential for complexes 1-8 is
observed for the ethoxycarbenes (1 and 2) relative to the ami-
nocarbenes 3-8. Since the reduction center is distributed over the
carbene carbon, the nitrogen or oxygen heteroatom and the furyl
or thienyl substituent, the electronic properties of heteroatom will
directly influence the reduction potential.
e The attempts at interpretation of experimental cyclic
voltammetry data should, however, be supported by
quantum chemical calculations.

Table 2: Cyclic voltammetry data of 0.5 mmol dm™ solu-
tions of 1-8 in CH;CN containing 0.1 mol dm™
[N("Bu),][PF4] as supporting electrolyte at a scan rate of
100 mV s ' and 20 °C. Potentials are reported in mV rela-
tive to the FcH/FcH" couple.

Oxidation Reduction
En E. A E' E, E. AE E”
(mV)  (mV) (mV)  (mV)
1 728 - -1478 -1564 86 -1521
2 697 - -1559  -1645 86 -1602
3 562 - -2028 -2098 70 -2063
4 620 - 2134 2200 66 2167
5 404 - - -2080
6 498 - - 2174
7 5 <7176 -33 - -2203
8 20 -50 70 -15 - -2330
i, e 5

25
2600 -2100 -1600 -1100 -600 -100 400 900
Potential (mV) vs. FcH/FcH*



Figure 11. Cyclic voltammograms of c.a. 0.5 mmol dm™ solu-
tions of 4 in CH;CN / 0.1 mol dm™ ["(Buy)N][PF4] on a glassy
carbon-working electrode at a scan rate of at scan rates of 50
(smallest currents) till 500 mV s~ (indicated in red) in 50 mV
increments. Decamethylferrocene, FcH*, was used as internal
standard. The small reduction peaks are ascribed to decom-
position products that are generated during W(0) oxidation
since these peaks are absent if the scans are initiated in the
negative direction. Scans initiated in the positive direction
from -750 mV.

DFT Study

e Quantum chemical calculations are presented in order to
characterize the oxidation and reduction orbitals and to
prove and strengthen the interpretation of experimental
observations.

e  From a molecular point of view, oxidation of a complex
involves the removal of an electron from the highest oc-
cupied orbital (HOMO) of the complex, leading to a
positively charged cation. The character of the HOMO
will thus show where the oxidation process will take
place. Similarly, the LUMO of the oxidized cation will
show where the reduction took place. The localization
of the remaining unpaired electron of the oxidized cati-
on can be visualized by a spin-density plot of the oxi-
dized species (charge q = +1, spin S ='%). In evaluating
the HOMO of the neutral complexes 1-8, the LUMO
and the spin density plot of the cations of 1-8 (Figure
12), it is clear that the oxidation center of 1-8 is local-
ized on the metal center and the carbonyl ligands. The
W-metal d-orbital contribution to the HOMO, is in all
cases between 62 and 64%, see Table 3. Licandro et.
al.* proposed that for tungsten-carbenes, the first elec-
tron oxidation immediately leads to the loss of a second
electron, i.e. a two-electron oxidation process. DFT
calculations showed that the W(II) singlet state (S =0,
charge = +2) is more stable than the W(II) triplet state
(S =1, charge +2) cation with more than 0.2 eV. The
second electron oxidation thus involves the abstraction
remaining unpaired electron of the oxidized cation that
is visualized by a spin-density plot in Figure 12.

e Reduction of a complex involves the addition of an
electron to the LUMO of the complex. The character of
the LUMO will thus show where the reduction process
will take place. Similarly, the HOMO of the reduced
species of the complex will show where the reduction
took place. The localization of the added unpaired elec-
tron of the reduced anion can be visualized by a spin-
density plot of the reduced species (charge q = -1, spin
S = '). The molecular orbital and spin pictures in Fig-
ure 13 show that the center of reduction (LUMO orbital)
in 1-8, is distributed over the carbene carbon, the nitro-
gen or oxygen heteroatom and the furyl or thienyl sub-
stituent. This fact demonstrates that the resonance form
II of Fischer electrophilic alkoxy- and aminocarbene
complexes (Figure 2 top), the form with the formal C=N
or C=0 double bond exists and is reduced.

HOMO of LUMO (B) Mulliken spin
Complex neutral of density plot
complex cation of cation
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Figure 12. Visualization of (a) the HOMO of the neutral com-
plexes of 1-8, and the (b) LUMO and (c) spin density plots of
the oxidized (q = +1, S = %2) complexes 1-8. The MO and spin
density plots use a contour of 0.05 and 0.005 /A%, respectively.
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Figure 13. Visualization of (a) the LUMO of the neutral com-
plexes of 1-8 and (b) the HOMO and (c) spin density plot of
the reduced radical anion (q = -1, S = %) of complexes of 1-8.
The MO and spin density plots use a contour of 0.05 and 0.005
¢/A® respectively.

Relationships

e  Additional support in favor of the HOMO being the ox-
idation center and the LUMO being the reduction center
can be found in the relation of the energy of the HOMO
and LUMO to the ease of the oxidation and reduction
respectively. In other words, if a relationship exist be-
tween the energy of the HOMO, Eyonmo, and the exper-
imental peak oxidation potential, £,,, and, similarly, if a
relationship exist between the energy of the LUMO,
Erumo, and the experimental peak reduction potential,
E,.. This argument is in agreement with the Koopmans'
theorem stating that the ionization potential (/P) for a
neutral gas-phase compound can be approximated by
the negative of HOMO energy (Enomo). Similarly, the
LUMO energy (Erymo) provides an approximation of
electron affinity (E4). Such correlations have been used
successfully to predict redox potentials.*

e  The linear relationship obtained between the calculated
HOMO energy (Enomo in €V) of neutral 1-8 and the an-
odic peak potential E,, (in mV), is illustrated in Figure
14(a):

o Epa =-684.99 EHOMO —3326.38
0.98)

(R? =

e The calculated electron affinity /P (in eV), obtained
from the energy difference between the DFT optimized
neutral and oxidized species, is related to the anodic
peak potential E,,, (in mV) by (Figure 15 (a)):

o E,=73525IP—-4572.28 (R2 =
0.98)
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Figure 14. Linear relationship between the DFT calculated (a)
Eyomo and the experimental oxidation potential E,, and (b)
Eypymo and the experimental reduction potential E,. of com-
plexes 1-8. Data are in Table 2 and Table 3. Experimental
potentials are relative to the FcH/FcH" couple.

e  The linear relationship obtained between the calculated
LUMO energy (Erumo in eV) of neutral 1-8 and the ca-
thodic peak potential E,. (in mV), confirm and quanti-
fies the role of the carbene carbon, the nitrogen or oxy-
gen heteratom and the furyl or thienyl substituent in the
reduction process, see Figure 14(b):

o E, =-965.43 Eryuo —4311.06 R* =
0.96)



e  The calculated electron affinity £4 (in eV), obtained
from the energy difference between the DFT optimized
neutral and reduced species, is related to the cathodic
peak potential £, (in mV) by (Figure 15 (b)):

o E,=106537 EA—3226.80 R> =
0.88)

e The equations obtained above for the series 1-8 of
Fischer alkoxy- and aminocarbene complexes of tung-
sten over a large potential range (> 260 mV) emphasize
the role of the frontier orbitals in the oxidation and re-
duction process. The relationships obtained, enables
prediction of the reduction potential of related complex-
es by DFT calculations, before synthesizing it. As a re-
sult, the oxidation and reduction potential can be modi-
fied by the correct combination of heteroatom X, R al-
kyl or aryl group and Y substituents on the carbene lig-
and (Scheme 1).
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Figure 15. Linear relationship between the DFT calculated (a)
ionization potential, /P, and the experimental oxidation poten-
tial E;, and (b) electron affinity, E4, and the experimental
reduction potential E,. of complexes 1-8. Data are in Table 2
and Table 3 Experimental potentials are relative to the
FcH/FcH' couple.

Table 3: Density functional theory calculated energies and
metal d character of the HOMO of complexes 1-8

Complex DFT results

Epomo  Erumo  IP EA % W d
(eV) (eV) (eV) (eV) (HOMO)
1 -5.94 -2.87 7.23 1.48 0.64
2 -5.83 -2.72 7.14 1.43 0.64
3 -5.68 -2.31 6.93 1.22 0.64
4 -5.65 -2.28 6.98 1.01 0.64
5 -5.59 -2.22 6.88 1.07 0.62
6 -5.58 -2.16 6.92 0.88 0.64
7 -4.86 -2.19 6.21 1.05 0.63
8 -4.87 -2.10 6.25 0.79 0.63
CONCLUSION

e  Aminolysis reactions of Fischer alkoxycarbene com-
plexes [W(CO)s{C(OEt)Ar}], Ar = thienyl (1) or furyl
(2), with cyclohexyl amine and ethylene diamine at
room temperature lead to the substitution of the ethoxy
carbene substituent for an amine substituent (3, 4, 5 or
6). When the reaction with ethylene diamine was re-
peated at elevated temperatures, both aminolysis as well
as substitution of a carbonyl ligand ensued, resulting in
the formation of a chelate tetracarbonyl tungsten(0)
complex (7 or 8). X-ray crystal structures of 1-4, 6 and
8 were reported and compared. The electrochemical be-
haviour of the series of [(CO),LW=C(XR)Y] Fischer
complexes of tungsten(0) shows chemically and elec-
trochemically irreversible behaviour. Substitution of
one CO ligand with a chelating nitrogen atom on eth-
ylene diamine, leads to the stabilization of the oxidized
complex long enough on the timescale of the CV exper-
iment that the oxidation process is electrochemically
and chemically quasi reversible. From the electrochemi-
cal study it is concluded that different carbene ligand
substituents (thienyl vs. furyl or alkoxy vs. amino) in-
fluence the reduction properties of a tungsten(0) car-
bene complex, while changes in the ligand sphere of the
complexes affect the oxidation behavior. This influence
of different heteroatoms and ligands on the oxidation
and reduction potential is quantified by relationships be-
tween the peak oxidation and reduction potential and
DFT calculated energies. DFT calculations further
showed that the oxidation center is localized on the
metal atom (62-64%) and carbonyl ligands while the re-
duction center is located on the carbene ligand, distrib-
uted over the carbene carbon, the nitrogen or oxygen
heteratom and the furyl or thienyl substituent. Applica-
tion of these results may lead to the design of complex-
es with a specific electrochemical profile.

EXPERIMENTAL

All reactions, unless otherwise noted, were performed under inert ni-
trogen or argon atmospheres using standard Schlenk techniques.50 All
solvents were freshly distilled, dried and collected under inert conditions,
with the exception of toluene. Toluene was not dried, but used after bub-
bling nitrogen gas through the solvent for 5 to 10 minutes. All other rea-
gents were used directly. Column chromatography was carried out under
inert nitrogen and argon atmospheres using silica gel (particle size 0.063-
0.200mm) as the stationary phase. All percentage yields were calculated
relative to the limiting reactant. All crystallization was done using hex-
ane:DCM diffusion methods. The reagents W(CO)g, butyl lithium (1.6 M
solution in hexane), furan, ethylene diamine and other commercial rea-
gents were used as purchased. NMR spectra were recorded on a Bruker
ARX-300, Bruker Ultra Shield 400 Plus AVANCE III, and a Bruker
AVANCE 500. NMR spectra were recorded in CDCl;, CD,Cl, or CD;CN
using deuterated solvent peaks as the internal references. IR spectra were
recorded on a Perkin Elmer Spectrum RXI FT-IR spectrophotometer. All
spectra were recorded as KBr pellets and only the vibration bands in the
carbonyl stretching region (ca. 1500-2200 cm™) are reported. Mass spectra
were recorded on a SYNAPT G2 HDMS with the TOF-MS method with
sampling time of 4 minutes, with direct infusion inlet method. The source
was electron spray ionization. Commercial thiophene was purified®' and
triethyloxonium tetrafluoroborate,” [W(CO)s{C(OEt)C,H,S}], 1, and
[W(CO)s{C(OEt)C4H,0}], 2,>* were prepared according to reported litera-
ture procedures. Spectroscopic characterization data is included here:

1: Yield: 82.6%, bright orange solid. - "H NMR (CDCl;, ppm): 8.14 (dd,
H8, 4.1, 0.8 Hz), 4 7.80 (dd, H10, 5.0, 0.6 Hz), 7.20 (dd, H9, 4.8, 4.3 Hz),
498 (q, H11, 7.1 Hz), 1.64 (t, H12, 7.1 Hz). - *C NMR (CDCls, ppm): &
290.7 (C6), 202.5 (s, COrans), 197.6 (t, COqis, Jw.c = 126.4 Hz), 158.3 (C7),
136.5 (C10), 141.5 (C8), 129.0 (C9), 78.6 (C11), 15.0 (C12). - IR (KBr,



em™): veo = 2066 (m), 1916 (vs). 2: Yield: 73.3 %, bright orange solid. -
'"H NMR (CDCl;, ppm): 8 7.86 (dd, H10, 1.6, 0.7 Hz), 7.13 (dd, HS, 3.7,
0.7 Hz), 6.60 (dd, H9, 3.7, 1.7 Hz), 4.94 (q, H11, 7.1 Hz), 1.62 (t, H12, 7.1
Hz).- *C NMR (CDCls, ppm): & 284.8 (C6), 203.4 (COyans), 197.4 (CO),
166.2 (C7), 150.0 (C10), 113.4 (C8), 113.4 (C9), 78.4 (C11), 15.1 (C12).-
IR (KBr, cm™): veo = 2067 (m), 1920 (vs).

L]

Aminolysis of complexes 1 and 2 with cyclohexyl
amine

. Complex 1 (0.464 g, 1.00 mmol) or 2 (0.448 g, 1.00
mmol) was dissolved in 20 mL of THF and 0.245 g of
cyclohexyl amine was added in two portions over a 1
hour period. The solution was allowed to stir for 2
hours, gradually changing colour from dark red to bright
yellow. Solvent was removed and a bright yellow crys-
talline solid with an oily residue was obtained. The
product, 3 or 4, was purified on a silica gel column with
hexane:DCM gradient elution.

e 3: Yield: 0.455 g, 0.880 mmol, 88.2%, bright yellow
solid. MS (m/z): 433 ([M]"-3CO); 280 ([M]"-5CO-
CHA). - 'H NMR (CDCls, ppm): Isomer 4: & 8.30 (s(b),
NI1-H), 7.50 (dd, H10, 5.1, 1.2 Hz), 7.34 (dd, HS, 3.8,
1.2 Hz), 7.12 (dd, H9, 5.1, 3.8 Hz), 4.35-4.52 (m, H11),
1.10-2.20 (m, H12-H14); Isomer B: § 8.64 (s(b), N1-H),
7.46 (dd, H10, 5.0, 1.1 Hz), 7.07 (dd, H9, 5.0, 3.7 Hz),
6.93 (dd, HS8, 3.7, 1.1 Hz), 3.73-3.86 (m, H11), 1.10-
2.20 (m, H12-H14).- *C NMR (CDCl;, ppm): Isomer
A:8235.0 (t, C6, Jw.c =90.8 Hz), 202.8 (t, COrans, Jw-c
= 127.1 Hz), 198.2 (t, COgs, Jw.c = 127.0 Hz), 157.0
(C7), 129.5 (C10), 128.1 (C8), 126.9 (C9), 64.9 (C11),
33.0 (C12), 24.9 (C13), 24.4 (C14). Isomer B: 5 245.7
(t, C6, Jw.c = 90.8 Hz), 203.5 (t, COruns, Jw.c = 127.8
Hz), 198.7 (t, COq;s, Jw.c = 127.8 Hz), 150.2 (C7), 127.8
(C10), 127.3 (C8), 124.2 (C9), 59.5 (C11), 33.3 (C12),
24.7 (C13), 24.2 (C14).- IR (KBr, cm™): vgo = 2061
(m), 1972 (vw), 1950 (s), 1906 (vs). Anal. Calcd for
CiHsNOsSW: C, 37.16; H, 2.92; N, 2.71. Found: C,
37.30; H, 2.96; N, 2.65.

e 4: Yield: 0.474 g, 0.946 mmol, 94.6 %, bright yellow
solid. MS (m/): 280 ([M]'-5CO-Cyclohexyl). - 'H
NMR (CDCl;, ppm): Isomer 4: & 8.93 (s(b), N1-H),
7.51 (d, H10, 1.4 Hz), 7.38 (dd, HS, 3.6, 0.5 Hz), 6.57
(dd, H9, 3.6, 0.5 Hz), 4.31-4.42 (m, H11), 1.12-2.15 (m,
H12-H14); Isomer B: & 8.13 (s(b), N1-H), 7.68 (dd,
H10, 1.8, 0.6 Hz), 7.25 (dd, H8, 3.6, 0.6 Hz), 6.60 (dd,
H9, 3.6, 1.8 Hz), 4.09-4.22 (m, H11), 1.12-2.15 (m,
H12-H14).- *C NMR (CDCl;, ppm): Isomer 4: § 219.3
(C6), 202.4 (COyaps), 198.4 (t, COgs, Jw.c = 126.9 Hz),
159.1 (C7), 144.1 (C10), 126.3 (C8), 113.7 (C9), 64.3
(C11), 33.1 (C12), 24.5 (C13), 25.3 (C14). Isomer B: §
225.7 (C6), 202.8 (COyuns), 199.1 (t, COyis, Jy.c = 122.2
Hz), 157.6 (C7), 145.8 (C10), 126.4 (C8), 113.3 (C9),
61.1 (C11), 33.2 (C12), 243 (C13), 25.3 (Cl4).- IR
(KBr, cm™): veo = 2059 (m), 1966 (vw), 1908 (s), 1882
(vs). Anal. Caled for C,¢H;sNOgW: C, 38.35; H, 3.02;
N, 2.80. Found: C, 38.30; H, 2.98; N, 2.99.

Aminolysis of complexes 1 and 2 with ethylene dia-
mine

e  Ethylene diamine (0.05 mL, 0.75 mmol) was dissolved

in 10 mL of DCM, and complex 1 (0.232g, 0.50 mmol)

or complex 2 (0.224 g, 0.50 mmol), repectively, was

added to the solution while maintaining vigorous stir-

ring. Initially the reaction mixture was dark red, but
gradually became bright yellow. The solvent was re-
moved, yielding a bright yellow crystalline solid, 5 or 6,
respectively.

5: Yield: 0.136 g, 0.284 mmol, 56.9%, bright yellow
crystalline solid. - "H NMR (CDCl;, ppm): 8 9.52 (s(b),
NI1-H), 7.52 (dd, H10, 5.1, 1.2 Hz), 7.43 (dd, HS, 3.8,
1.2 Hz), 7.12 (dd, H9, 5.1, 3.8 Hz), 3.94-3.98 (m, H11),
3.14-3.16 (m, HI2), 1.72 (s(b), N2-H,). - *C NMR
(CDCls, ppm): & 237.6 (C6), 202.7 (COtans), 198.5 (t,
COqis, Jw.c =127.3 Hz), 157.0 (C7), 130.0 (C10), 128.1
(C8), 127.4 (C9), 55.9 (C11), 40.2 (C12). - IR (KBr,
em™): veo = 2059 (m), 1916 (vs). Anal. Caled for
CleloNzossW: C, 3014, H, 211, N, 5.86. Found: C,
30.30; H, 1.98; N, 5.99.

6: Yield: 0.164 g, 0.355 mmol, 70.8 %, bright yellow
crystalline solid. MS (m/z): 279 (IM]"-EtNH,-5CO). -
'H NMR (CDCls, ppm): & 9.89 (s(b), N1-H), 7.54 (s,
H8), 7.38 (s, H10), 6.56 (s, H9), 3.95 (m, H11), 3.15 (m,
H12), 1.70 (s(b), N2-H,). - *C NMR (CDCls, ppm): &
223.2 (C6), 202.3 (COans), 198.6 (t, COqis, Jw.c = 126.0
Hz), 159.6 (C7), 144.4 (C10), 125.7 (C8), 113.6 (C9),
55.8 (C11), 40.6 (C12). - IR (KBr, cm™): veo = 2058
(m), 1972 (vw), 1910 (s), 1916 (vs). Anal. Calcd for
C12H10N206W: C, 3119, H, 218, N, 6.06. Found: C,
31.02; H, 2.13; N, 6.22.

Thermal reaction of complexes 1 and 2 with ethylene

diamine

Ethylene diamine (0.0763 g, 1.27 mmol) was dissolved
in 30 mL of toluene and placed in a heated oil bath at
105°C. Complex 1 (0.465 g, 1.00 mmol) or complex 2
(0.448 g, 1.00 mmol), respectively, was added to the so-
lution, forming a dark red solution. The reaction mix-
ture was allowed to reflux for 1'% hours, with stirring.
The solution was dark orange-red and an orange pre-
cipitate formed. The reaction mixture was allowed to
cool, while the precipitate was allowed to settle. The
solvent was decanted and the resulting orange precipi-
tate washed with cold hexane. This precipitate was
found to be only mildly soluble in DCM. It was com-
pletely soluble in THF and acetonitrile.

7: Yield: 0.228 g, 0.507 mmol, 50.7%, bright orange
solid. - 'H NMR (CD;CN, ppm): § 9.68 (s(b), N1-H),
7.69 (dd, H10, 5.1, 1.2 Hz), 7.49 (dd, HS, 3.8, 1.2 Hz),
7.18 (dd, H9, 5.1, 3.8 Hz), 3.58-3.65 (m, H11), 2.66-
2.76 (m, H12), 3.39 (s(b), N2-H,). - *C NMR (CDsCN,
ppm): & 246.9 (C6), 216.0 (CO1), 213.3 (CO3), 205.8
(CO2), 156.1 (C7), 132.7 (C10), 128.9 (CB), 126.7 (C9),
52.3 (C11), 40.8 (C12). - IR (KBr, cm™): veo = 2008
(s), 1943 (s), 1906 (s), 1858 (vs). Anal. Calcd for
C11H10N204SW: C, 2935, H, 224, N, 6.22. Found: C,
29.44; H, 2.28; N, 6.15.

8: Yield: 0.214 g, 0.49 mmol, 49.3 %, bright orange sol-
id. - 'TH NMR (CD;CN, ppm): & 9.93 (s(b), N1-H), 7.66
(dd, H10, 1.8, 0.5 Hz), 7.52 (dd, H8, 3.6, 0.6 Hz), 6.60
(dd, H9, 3.6, 1.8 Hz), 3.61-3.67 (m, H11), 2.66-2.73 (m,
H12), 3.36 (s(b), N2-H,). - °C NMR (CD;CN, ppm): &
235.4 (C6), 215.8 (COL), 214.0 (CO3), 206.0 (CO2),
n.o. (C7), 1459 (C10), 125.8 (C8), 114.4 (C9), 52.1
(C11), 41.2 (C12). - IR (KBr, cm™): veo = 2006 (s),
1934 (s), 1904 (s), 1862 (vs). Anal. Caled for



C11H10N205WZ C, 3044, H, 232, N, 6.45. Found: C,
30.30; H, 2.38; N, 6.39.

X-ray Crystallographic studies

e  Single crystal X-ray data for 1, 2 and 6 were collected at
150 K on a Bruker D8 Venture kappa geometry diffrac-
tometer, with duo Ips sources, a Photon 100 CMOS de-
tector and APEX II° control software using Quazar
multi-layer optics monochromated, Mo-Ka radiation by
means of a combination of ¢ and ® scans. Data for 3
were collected at 100(2) K and data for 4 were collected
at 293(2) K, using a Bruker APEX DUO 4K-CCD dif-
fractometer. Data reduction was performed using
SAINT-+ and the intensities were corrected for absorp-
tion using SADABS.> The structures were solved by
intrinsic phasing using SHELXTS® and refined by full-
matrix least squares using SHELXTL and SHELXL-
2013.% Data for 8 was collected at 180(2) K on a Noni-
us Kappa CCD diffractometer, using graphite mono-
chromated, Mo Ka radiation by means of phi and ome-
ga scans, and semi-empirical absorption corrections
were based on equivalence. In the structure refinement
all hydrogen atoms were added in calculated positions
and treated as riding on the atom to which they are at-
tached. All non-hydrogen atoms were refined with ani-
sotropic displacement parameters, all isotropic dis-
placement parameters for hydrogen atoms were calcu-
lated as X x Ueq of the atom to which they are attached,
X = 1.5 for the methyl hydrogens and 1.2 for all other
hydrogens. Data collection, structure solution and re-
finement details are available in each CIF.

e Ortep drawings’ of the six structures are included in
figures 4-9 with ADP’s at the 50% probability level.
The crystal structures have been deposited at the Cam-
bridge Crystallographic Data Centre and allocated the
deposition numbers: CCDC 953184 (1), 953185 (2),
953187 (3), 953188 (4), 953190 (6), 953191 (8).

Cyclic Voltammetry

Cyclic voltammogram (CV), square-wave voltammetry (SW) and
linear sweep voltammogram (LSV) measurements were per-
formed on 0.0005 mol dm™ compound solutions in dry acetoni-
trile containing 0.1 mol dm™ tetra-n-butylammonium hexafluoro-
phosphate, (["(Bus)N][PFq]), as supporting electrolyte and under a
blanket of purified argon at 25 °C utilizing a BAS 100B/W volt-
ammograph. A three-electrode cell, with a glassy carbon (surface
area 7.07 x 10 m?) working electrode, Pt auxiliary electrode and
a Ag wire reference electrode.® All temperatures were kept con-
stant to within 0.5 °C. Scan rates were 0.050-5.000 V s™'. Succes-
sive experiments under the same experimental conditions showed
that all oxidation and formal reduction potentials were reproduci-
ble within 10 mV. All cited potentials were referenced against the
Fc/Fc" couple as suggested by IUPAC.” Ferrocene exhibited a
peak separation AE, = E,, — E,. = 0.069 V and i,/i,, = 1.00 under
our experimental conditions. E,, (£,;) = anodic (cathodic) peak
potential and i,, (i,c) = anodic (cathodic) peak current. E°'
(Fe/Fe) = 0.66(5) V vs SHE in ["(Bus)N][PF¢/CH;CN.* Ferro-
cene (FcH) and decamethyl ferrocene (FcH*, -508 mV vs
FcH/FcH') were used as internal standards. Electrochemical re-
sults obtained with or without ferrocene (or decamethyl ferrocene)
as internal standard were the same.

DFT calculations

e  All density functional theory (DFT) calculations were
performed with the hybrid functional B3LYP®"*? (and
uB3LYP for radical cations or anions) as implemented
in the Gaussian 09 program package.” Geometries were
optimized in gas phase with the triple-{ basis set 6-
311G(d,p) on all atoms except tungsten, where def-
SVP* was used (this level is denoted B3LYP/def2-
SVP). Results obtained by the triple-{ basis set 6-
311G(d,p) on all atoms except tungsten, where
LANL2DZ was used (corresponding to the Los Alamos
Effective Core Potential plus DZ“), or by including
solvation effects (IEFPCM model, using acetonitrile (¢
= 37.5) as solvent) gave similar results, see supporting
information.

ASSOCIATED CONTENT

Supporting Information

Cif files giving X-ray crystallographic data for complexes 1, 2, 3,
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