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Nucleophilic attack on the central sulphur of dithieno[2,3-b;3’,2'-d|thiophene (DTT) by n-BuLi opens
the central thiophene ring and afforded, after subsequent reaction with Cr(CO)s and alkylation with
[Et30][BF4], a series of mono- and biscarbene complexes containing a 3,3'-dithienyl backbone with a SBu
substituent. Repeating the reaction with diisopropylamine as the nucleophile, leads to a dihydrodesul-
phurization reaction with ring-opening of the central thiophene ring of DTT and elimination of the
sulphur atom. Subsequent reaction with n-BuLi or LDA, Cr(CO)s and [Et3O][BF,] afforded 3,3'-dithienyl
mono- and biscarbene complexes. In both instances «,«’-dithienothiophene biscarbene complex was ob-
served spectroscopically but not isolated. By using «,u’-dibromodithieno[2,3-b;3",2']thiophene as sub-
strate, improved yields of the targeted mono- and biscarbene complexes of [2,3-b;3",2’-d]-DTT (M=Cr,
W) could be obtained. The biscarbene complexes were unstable in the reaction mixture but in the case
of tungsten could be isolated after in situ aminolysis with dimethylamine. The use of KHMDS as base con-
verted Cr(CO)g to K[Cr(CO)s(CN)] and after reaction with DTT and subsequent alkylation with [Et;O][BF,],

afforded the chromium tetracarbonyl carbene complex of DTT.

© 2020 The Author(s). Published by Elsevier B.V.
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1. Introduction

Compared to chain structures of o, '-oligo- and polythio-
phenes, planar condensed thiophenes display more efficient and
extended m-conjugation, better p-orbital overlap, improved charge
transfer properties and higher chemical stability [1]. @- and B-
annulated oligothiophenes, specifically dithienothiophene (DTT)
derivatives have already been developed as promising semicon-
ducting materials, organic conductors, photosensitive materials and
light emitting devices [2-7].

The preparation of annulated thiophenes is challenging and ex-
amples in organometallic chemistry are therefore limited. When
considering annulated thiophenes as precursors for organometallic
compounds, stability factors need to be taken into account [8,9].
Derivatives of the six possible constitutional isomers of DTT are
planar, electron excessive, -conjugated and aromatic. [3,2-b;2",3'-
d]-DTT with the sulphur atoms in relative orientations up-down-up,
displays a linear conjugated pathway throughout the molecule, al-
lowing communication between the «-positions without involving
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the sulphur atoms. A conjugation system from S1 to S3 is also pos-
sible in [3,2-b;2",3’-d]-DTT. A linear conjugated pathway through
[2,3-b;3',2'-d]-DTT, another isomer, is made impossible by the cen-
tral cross-conjugated double bonds (sulphur atoms orientated on
the same side of the ring, up-up-up). A molecular orbital approach
for the overlapping of p-orbitals gives a better picture of electron
delocalization of mr-bonds (Fig. 1). The reactivity of [3,2-b;2',3'-d]-
DTT and [2,3-b;3",2’-d]-DTT was investigated by means of their pro-
tiodetritiation reactions [10,11]. Partial rate factors were calculated
which represent how fast the tritium, in each position on the het-
eroarenes, exchanges with a proton (Fig. 1), as a ratio to benzene’s
detritiation rate. The w«-positions are in each case more reactive
than the B-positions, with the reactivity of [2,3-b;3',2'-d]-DTT >
[3,2-b;2',3'-d]-DTT.

The combination of an electron-rich condensed thiophene sub-
stituent with an electron-deficient Fischer carbene carbon can re-
sult in an anticipated “push-pull” or polarizing electronic situ-
ation. Carbene complexes of DTT derivatives are rare, and only
group 6 transition metal mono- and biscarbene complexes of the
[3,2-b;2",3'-d]-DTT isomer are known [12-15]. In these examples
(Fig. 2), the lithiation reactions were performed in hexane and both
the mono- and biscarbene complexes could be isolated in reason-
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Fig. 1. Comparison of -conjugated pathways in [3,2-b;2',3'-d]-DTT and [2,3-b;3",2'-
d])-DTT from atomic p, orbital perspective and partial rate factors (@- and B-
positions) for detritiation.[10,11].

able yields (>30%). The complexes are stable in the solid state, but
the biscarbene complexes to a lesser extent in solution. The lat-
ter were readily oxidized to the carbene-ester complex by trace
amounts of oxygen, and at elevated temperature a carbene-carbene
coupled biscarbene complex with an extended conjugated linker
formed. Notably, in all instances the [3,2-b;2,3’-d]-DTT rings re-
mained intact (inert) during carbene formation reactions and sub-
sequent reactions occurred only at the carbene sites.

In this study, [2,3-b;3",2’-d]-DTT is chosen as precursor for the
preparation of Fischer carbene complexes (FCCs) and is compared
with results obtained for the [3,2-b;2',3'-d]-DTT isomer. The role of
different bases as well as the reactivity patterns during lithiation
and carbene formation are studied to expand the scope of possible
reactions with DTT in the context of Fischer carbene chemistry.

2. Results and discussions
2.1. Syntheses of precursors and complexes

The precursor [2,3-b;3',2'-d]-DTT (P1) was prepared as de-
scribed by Nenajdenko [3], with amendments as suggested by Al-
lared [16]. The authenticity and purity of P1 were determined by
spectroscopic characterization (Fig. S1, Supplementary data). Car-
bene complexes were prepared by making use of P1 in three
different methods by using a range of strong bases: n-BuLi (n-
butyllithium), a mixture of nucleophilic diisopropylamine (HDA)
and n-BuLi (with subsequent formation of lithium diisopropy-
lamide (LDA)), and potassium bis(trimethylsilyl)Jamide (KHMDS)
(non-nucleophilic base). Reactions were performed at low temper-
atures (-78°C) to create the opportunity to discriminate between
reaction sites. As a measure of favoured reaction sites and sta-
bilities of reaction intermediates, the yields and compositions of
the final isolated carbene complexes serve as indicators. To fur-
ther activate P1 and direct reactions to the «-positions of the DTT
substrate the «-protons were exchanged by bromo substituents to
facilitate lithium-halogen exchange reactions. Brominating the o-
positions using NBS produces 5,5'-dibromo-[2,3-b;3',2’-d]-DTT (P2),
as an excellent building block to be used in Fischer carbene syn-
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thesis [3]. Two further experiments were executed with the aim
to protect the DTT ring and to stabilize final reaction products
(Scheme 1).

Method 1 comprises of the classical Fischer method using n-
BulLi, in THF at low temperatures (—78°C), (Scheme 1, method 1)
[17]. The main reaction pathway involves a ring opening reaction
of the central thiophene ring in P1 leading to the formation of a
3,3'-bithienyl-2-SBu backbone [18,19]. In a proposed sequence of
reactions, the base (Bu~) participates in nucleophilic attack on the
central sulphur atom of the three fused thiophene rings, breaking
open the central thiophene ring of P1 (Scheme 2). After opening
the central ring, an anion resides on an «-position of the adjacent
ring (2’ position). Subsequent reaction with the metal carbonyl and
alkylation will afford the monocarbene complex with both sub-
stituents on inside ring positions on separate rings, [2'-SBu-C4H,S-
3,3'-{2-C(OEt)Cr(CO)5}C4H,S] (2). The anion is transferable to other
active a-positions. The most active one is the remaining «-position
(5) of the thiophene ring with the SBu substituent. We anticipate
that conversion of the anion site to the remaining «-position on
the thiophene bearing the SBu substituent is favoured. The activa-
tion is enhanced at this site by the presence of the SBu substituent
in the other «-position of the same ring. After alkylation the prod-
uct isolated is [{2-SBu,5-C(OEt)Cr(CO)s}C4HS-3,3'-C4H3S] (1) which
represents the major product of the reaction. The next most ac-
tive site for biscarbene complex formation will be at an inside «-
position (2') of the second thiophene ring. The biscarbene com-
plex that formed after alkylation has the second highest yield, and
is [{2-SBu,5-C(OEt)Cr(CO)s}C4HS-3,3-{2'-C(OEt)Cr(C0)5)}C4H,S] (3).
The second biscarbene complex of 3,3'-bithienyl-2-SBu is isolated
in a very low yield and displays a second carbene substituent in
the outside position (5’) of the second thiophene ring, [{2-SBu,5-
C(OEt)(Cr(CO)5}C4HS-3,3"-{5-C(OEt)Cr(C0O)5 }C4H,S] (4). The forma-
tion of the second carbene group in the electronically favoured in-
side position (3), is in competition with formation at the second
outside «-position (4), which is sterically the less crowded posi-
tion. The byproduct butylcarbene complex make up the remain-
der of complexes obtained by method 1. The targeted biscarbene
complex [{Cr(CO)sC(OEt)},-5,5'-CgH,S3] (5) was spectroscopically
identified as present in the reaction mixture in trace amounts, but
could not be isolated.

Mono- and dinuclear complexes are obtained by using 1.8
equivalents of the lithiating agent to one equivalent of P1. The sto-
ichiometric ratio employed was rationalized as 1.5 molar equiv-
alents are required for the formation of a 1:1 ratio of mono-
:biscarbene products, with 1.2 equivalents excess. Nucleophilic at-
tack of the mono- and dianions on carbonyl carbon atoms of
chromium hexacarbonyl occur upon their addition. Quenching the
resulting acylmetallates with [Et30][BF4] yielded the neutral car-
bene compounds. Monocarbene complexes 1 (yield 32%) and 2
(yield 8%) along with biscarbene complexes 3 (yield 24%), 4 (yield
<3%) and 5 (yield <3%) were obtained. As major products, 1 and 3
prove intra-ring electron delocalization from C2 (SBu) to C5 stabi-
lizes the carbene fragment on C5. In the case of 3, additional inter-
ring stabilization from C2 to C2’ allows a second carbene fragment
to coordinate to C2'.
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Fig. 2. Known [3,2-b;2",3'-d]-DTT carbene complexes [12-15].
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Scheme 1. Syntheses of Fischer carbene complexes containing 3,3'-bithienyl-2-SBu, 3,3'-bithienylene (BT) and [2,3-b;3",2'-d]-DTT substituents by applying different method-

ologies.
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Scheme 2. Proposed reaction pathway of nucleophilic attack by n-BuLi on P1.

Method 2 (Scheme 1) involves the deprotonation of P1 using
2.4 equivalents KHMDS (2 equivalents including 1.2 times excess,
allowing for dinuclear biscarbene formation), with the rest of the
reaction following the classical Fischer method. The reaction pro-
ceeded poorly as 47% of the starting material was recovered and

only little evidence of deprotonation was observed with the for-
mation of [Cr(CO)4{C(OEt)-5-CgH3S3}CNEt] (7, yield 12%). Hence
the amide base also attacked carbonyl groups as is evident from
the formation of 7 and [Cr(CO)s(CNEt)] (6, yield 4%), after alky-
lating with Meerwein’s salt [Et30][BF4] [20]. A proposed mecha-
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Scheme 4. Proposed reaction pathway of dihydrodesulphurization of P1 by HDA.

nism shows the base acting as a nucleophile and nucleophilic addi-
tion occurs to the carbonyl carbon atom of chromium hexacarbonyl
producing K[Cr(CO)sCN] (Scheme 3). The latter reacts with depro-
tonated P1 to afford 7, while unreacted cyanide of [Cr(CO)sCN]- is
alkylated to give 6 (Scheme 3).

Nucleophilic attack on (and ring-opening of) P1 with the use of
n-BuLi was unexpected and is not observed for the reaction of n-
BuLi on the isomer of P1, [3,2-b;2',3'-d]-DTT), or other annulated
thiophenes [12-15,21]. The reaction is unique for P1 (three sul-
phurs on the same side of DTT) and might be ascribed to the lack
of conjugated pathways from the two ends of P1 to the central
sulphur atom (now more electrophilic). Hence an experiment was
planned to compare the rates of nucleophilic attack and depro-
tonation by using a stronger nucleophile (e.g. amine, in this case
diisopropylamine HDA) along with n-BuLi (Scheme 1, method 3).
In the reaction, 2.4 equivalents of HDA and n-Buli (2 equivalents
to allow for dinuclear complex formation with 1.2 times excess)
were used. At very low temperatures (ca. —80 °C), HDA remains
protonated, and n-BuLi unreacted. The occurrence of nucleophilic
attack on the central sulphur atom of P1 by HDA can therefore be
compared to the probability of nucleophilic attack by the stronger
base/weaker nucleophile, n-BuLi. As the temperature of the reac-
tion mixture is allowed to increase gradually, LDA is generated in
situ (deprotonation of HDA by n-BulLi), and either LDA or excess
remaining n-BuLi can deprotonate P1. It was determined that the
first reaction was the nucleophilic attack of HDA on the central sul-
phur atom of P1, leading first to ring-opening and after a second
attack, to dihydrodesulphurization of P1. Thus a route that yields
S(DA), (DA = diisopropylamide) along with 3,3'-bithiophene (3,3'-
BT) is proposed (Scheme 4). A more reactive and electrophilic cen-
tral sulphur initialises the first addition of HDA, resulting in an in-
termediate with favourable electronic properties facilitated by the
external thiophene rings, allowing for a second attack with elimi-
nation of the sulphur atom.

Subsequent reaction (deprotonation) of the in situ generated
3,3-BT with n-BuLi or formed LDA, followed the classical Fis-
cher method. The mono- and biscarbene complexes of 3,3'-
BT, [{5-C(OEt)Cr(C0)s5)C4H,S}-3,3'-C4H3S] (8, yield 21%) and [5,5'-
{Cr(CO)sC(OEt)},-3,3'-CgH4S; ] (9, yield 35%) respectively, were pre-
viously synthesized from 3,3'-BT and have been published [22].
Spectroscopic evidence for the formation of trace amounts of the
DTT biscarbene complex 5 was seen in the reaction mixture, as for
method 1.

Bromination of the «-positions of DTT produces 5,5-dibromo-
[2,3-b;3",2'-d]-DTT (P2) (see Fig. S1 for NMR characterization),

(a) o (b)
Bu'Sr}z/s\ &E\: Busﬂ}z/s
v /) ClCO)s
f I ) _Cr(CO)s
S\ 3/2\(\)
1 o OEt

Inter-ring delocalization
(inside-inside)

Intra-ring delocalization
(inside-outside)

Fig. 3. Electron delocalization in 1 and 2.

which is an excellent building block to be used in Fischer carbene
synthesis, as lithium-halide exchange reactions show many advan-
tages compared to deprotonation reactions in annulated thiophene
substrates. The double lithium-halogen exchange reaction affords
the debromination of P2 using 2.4 equivalents n-BuLi (Scheme 1,
method 4) and subsequent reaction with the metal carbonyl and
alkylating agent lead to the targeted compounds [Cr(CO)s{C(OEt)-
5-CgH3S3}] (10, yield 44%) and 5 (trace amount). Deprotonation
(10) is in competition with ring-opening (1). Compound 1 (5%
yield) was observed as by-product of the reaction. Repeating the
reaction with tungsten carbonyl gave no ring-opening products but
[W(CO)s{C(OEt)-5-CgH3S3}] (11, yield 36%), and the correspond-
ing biscarbene complex [{W(CO)sC(OEt)},-5,5'-CgH,S3] in very low
yield (not purified/isolated), as well as 20% P1 (debrominated P2).
During work-up it was observed that P2 readily converts to P1. The
biscarbene complex 5 could be isolated (Scheme 1), but the low
yield allowed only for characterization by 'H NMR and FT-IR spec-
troscopy, as well as single crystal analysis. The tungsten analogue
(method 4), could not be isolated, leading to the conclusion that
the bisethoxycarbene complexes are highly reactive in the reaction
mixtures in solution. Method 5 (Scheme 1) was therefore intro-
duced to stabilize the biscarbene complexes before purification and
isolation, and applied to the more reactive tungsten complexes.
The mono- and bisethoxycarbene tungsten complexes are first syn-
thesized using method 4, followed by in situ aminolysis of the re-
action mixture. Excess dimethylamine hydrochloride and sodium
hydroxide are added to the reaction mixture. Thereafter, distilled
H,0 was added dropwise until all the suspended salts dissolved
and reacted [23]. [W(CO)s{C(NMe,)-5-CgH3S3}] (12, yield 69%) and
[{W(CO)5C(NMe;)},-5,5'-CgH,S3] (13, yield 21%) were isolated in
moderate to good yields along with 8% of P1.
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Table 1

TH NMR chemical shifts (§) of the carbene complexes.

Sy Sng o S¢S
\/\/ W/ \/\/ ! 7N
R B M A 7S
N 4—3 N TN O
aY i N
S ~ 2 i,
1,3,4 2 5,7,10-13
Complex H4 H5 H2 H4& H5  SBu OEth NEt/NMe,
1 8.28 7.58 7.40 7.42 3.08, 1.76, 1.50, 0.96  5.13, 1.67
2 704 7.72 684 730 258, 141,125 080 4.4, 1.07
3 8.01 699 779 297,168 141,093 C5:515 168 C2': 491, 1.14
4 8.32 790 858 3.12,1.78, 1.50, 0.98  C5: 5.16, 1.67 C5': 5.24, 1.71
5 8.49 521, 1.71
7 8.43 745 745 521, 1.64 357,132
10 8.47 750 747 5.18, 1.69
1 8.38 749 747 5.00, 1.67
12 6.86 734 742 3.96, 3.33
13 6.82 3.96, 3.35

aProton chemical shifts for the SCH,CH,CH,CH; fragment are reported with the first value being the chemical shift of the first
methylene group after the sulphur atom, followed by the values of the second and third methylene groups. The last chemical

shift is that of the methyl group.

bProton chemical shifts for the ethoxy fragment are reported with the first value being the chemical shift of the methylene

group, and the second the chemical shift of the methyl group.

¢Proton chemical shifts for the NEt fragment (7) are reported with the first value being the chemical shift of the methylene
group, and the second the chemical shift of the methyl group. In the case of 12 and 13 the chemical shifts represent the methyl

groups of NMe,.

2.2. Spectroscopic characterization

2.2.1. 'H NMR spectroscopy

NMR spectra, recorded in CDCl3, support the assigned molecu-
lar structures of the compounds. 'H NMR data are summarized in
Table 1. Two classes of monocarbene complexes (1 (C5-) and 2 (C2-
)) were isolated from method 1 (Scheme 1) containing a 3,3’-BT-2-

SBu- and 3,3’-BT-2'-SBu-thienyl substituent, respectively. Both SBu
(inside) and the carbene substituent (outside) are on the same thio-
phene ring in 1, while both substituents are on the ‘inside’ posi-
tion on different thiophene rings in 2 (Fig. 3). Resonance structures
predict carbene carbon stabilization of C5- and C2-monocarbene
complexes to reflect in the downfield shift of the H4 and H5 res-
onance, respectively. This is confirmed by experimental data, as
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these resonances are the most downfield (Table 1). The favoured
formation of 1 is due to the carbene fragment attaching to the
least steric congested C5-position; representing a linear (open) ar-
ranged molecule, with stabilizing intra-ring electron delocaliza-
tion between C5 (Cyp-acceptor) and C2-SBu (S-donor), Fig. 3(a).
In contrast the main delocalization pathway between the C2'-SBu
substituent and the C2-carbene substituent (inside to inside) is be-
tween the two thiophene rings in 2, Fig. 3(b). Therefore ring, SBu
and OEt proton resonances for 1 are significantly more downfield
compared to 2, indicating more stabilization/electron density delo-
calization towards the carbene carbon. Compared to C5- and C2-
3,3’-BT monocarbene complexes, 1 and 2 respectively show no sig-
nificant difference in proton resonances caused by the additional
C2-SBu and C2'-SBu fragment, respectively [22].

Two classes of 3,3'-BT-2-SBu biscarbene complexes (3 (C5,C2'-
) and 4 (C5,C5'-)) were isolated from method 1 (Scheme 1), with
3 as the major product. Compared to the analogous Fischer car-
bene reaction with 3,3'-BT, the C5,C2'-biscarbene complex formed
only in trace amounts and the major product was the C5,C5'-
biscarbene complex (9) [22]. This leads to the supposition that
the SBu fragment stabilizes the two carbene carbons in 3 through
intra- and inter-ring electron delocalization, although sterically
more crowded, where only intra-ring electron delocalization is
possible in 4. Again no significant difference in proton resonances
caused by the additional SBu fragment is seen when comparing 4
with 9 (Table 1) [22].

The targeted [2,3-b;3',2'-d]-DTT monocarbene compounds 10
(Cr) and 11 (W) have the proton resonance of the thienyl position
adjacent to the carbene carbon (H4) most affected and shifted sig-
nificantly downfield due to the strong electron-withdrawing prop-
erties of the metalcarbonyl-carbene moiety (Fig. 4). The H4 chem-
ical shifts of 10 (8.47 ppm) and 11 (8.38 ppm) are slightly more
downfield but comparable to their chromium (8.41 ppm) and tung-
sten (8.34 ppm) [2,3-b]-TT (thieno[2,3-b]thiophene) analogues re-
spectively [21]. The methylene and methyl resonances are charac-
teristic of chromium and tungsten ethoxycarbene fragments and
exactly the same as their respective [2,3-b]-TT analogues [21].

The 'H NMR spectrum of 7 is contaminated with 6 (Fig. 4).
Compound 6 is known and the chemical shifts for the protons in
the NEt fragment are found at 3.63 ppm (methylene group) and
1.44 ppm (methyl group) [20]. Replacing a carbonyl group with a
CNEt ligand (10 vs. 7), which have very similar electronic bonding
properties, has very little effect on the proton resonances. Protons
H4' and H5’ of 7 now resonate at 7.45 ppm as a broadened singlet
and no longer appear as separate doublets at 7.47 and 7.50 ppm as
for 10 (Fig. 4). The targeted [2,3-b;3',2'-d]-DTT biscarbene complex
(5) display H4 and ethoxy chemical shifts slightly but not signifi-
cantly more downfield compared to its monocarbene analogue, 10.

Replacing an ethoxy with a stronger 7 -donor amino substituent
has a significant effect on H4, shifting the resonance upfield from
8.38 (11) to 6.86 ppm (12), due to the superior stabilization of
Fischer carbene complexes by N-donor heteroatoms compared to
oxygen. This results in a marked quenching of the electron with-
drawing effect of the carbene metal carbonyl moiety, whereby the
DTT-carbene substituent chemical resonances are not significantly
shifted downfield from the precursor [2,3-b;3',2'-d]-DTT chemical
resonances (6 7.40 ppm and 7.38 ppm). Manifestation of the bond-
ing properties for the two methyl substituents (NMe,) of 12 and 13
is found in two separate resonances, respectively, indicating that
the methyl substituents are in different electronic environments
due to restricted rotation around the C.,;,—N bond.

2.2.2. BC NMR spectroscopy

The 3C NMR data of the carbene complexes, recorded in CDCl3,
are summarized in Table 2. The electrophilic carbene carbon lacks
electron density; hence its chemical shift appears in the most

Table 2

13C NMR chemical shifts (§) of the carbene complexes.

_0
LN
| Val
N
/ [Se)
2
\./20
A
(e
I w
/

i

7,10-13

NEt/NMe,*

OEt?

Ceo®

Cearb

c2 Cc3 c4 c5 c2’ C3’ c4 C5’ SBu?

Com-plex

75.5, 15.3

223.1, 217.3

307.6

35.9, 30.6, 21.9, 13.5

127.4
126.9
135.2
155.1
128.4
128.8

125.8
129.3
130.6
140.6
118.9
119.1

1349
128.8
129.0
134.6

123.2
1414
155.6
131.7

150.4
134.1
150.6
150.9
157.0
156.8
159.8

143.0
131.1

135.8
130.6
137.6
136.7

f
f

149.1

3238

155.5
149.8
149.1
f

76.5, 14.0

223.1, 216.6

37.8, 31.1, 21,4, 135
35.5, 30.6, 21.8, 13.4

C5: 75.6, 15.2 C2': 76.6, 14.1
C5: 75.6, 14.1 C5': 76.1, 15.1

74.6, 15.5

C5: 223.0, 217.3 C2': 223.0, 216.5
C5: 223.1,217.2 C5': 223.2, 216.8

228.9, 223.0, 220.1

223.1, 2171

C5: 307.5 C2': 322.7
C5: 308.7 C5': 316.6
316.6, 167.5P

3123
286.9
249.6
249.3

142.4
142.4
1314
132.6
133.2
1105
110.3

36.2, 31.6, 22.6, 13.5

394,153

f

150.7

75.9, 15.2

53.9, 45.5
54.0, 45.7

78.3, 14.9

202.3, 197.6
203.7, 198.2

128.8
128.0

119.1
118.8

f
f

155.7
155.9

203.6, 198.1

aCarbon chemical shifts for the SCH,CH,CH,CH;3 fragment are reported with the first value being the chemical shift of the first methylene group after the sulpher atom, followed by the second and third methylene group’s

values. The last chemical shift belongs to the methyl group.

bChemical shift belonging to CNEt of 7, is listed under the C,q, column.

¢Carbon chemical shifts for the metalcarbonyls are reported with the first value being the chemical shift of the carbonyl trans to the carbene carbon, and the second the chemical shift of the carbonyls cis to the carbene carbon.

In the case of 7, two trans signals are reported first (one trans to the carbene carbon and one trans to CNEt) followed by one cis signal (trans to CO) that is higher in intensity.

dCarbon chemical shifts for the ethoxy fragment are reported with the first value being the chemical shift of the methylene group, and the second the chemical shift of the methyl group.

eCarbon chemical shifts for the NEt fragment (7) are reported with the first value being the chemical shift of the methylene group, and the second the chemical shift of the methyl group. In the case of 12 and 13 the chemical

shifts represent the methyl groups of NMe;.

fAssignments could not be made unambiguously.
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Fig. 5. 13C NMR spectra showing chemical shift patterns for 7, 10-12.

downfield region of the 3C NMR spectra. The carbene carbon
chemical shifts are influenced by the nature of substituents and
the positions where the carbene carbons are attached in the com-
plexes. The carbene carbon of 2 (C2-carbene fragment) resonates
ca. 15 ppm more downfield compared to 1 (C5-carbene fragment),
Table 2. This is also the trend in analogous 3,3’-BT carbene com-
plexes (330.1 and 316.3 ppm, respectively) [22]. The carbene car-
bon chemical shifts of 3,3-BT C2- and C5-monocarbene complexes
are at ca. 7 ppm lower field compared to their analogous 3,3'-BT-
2'[2-SBu carbene complexes, 2 and 1 resepctively [22]. In the case
of 4, the carbene carbon resonance of its C5’-carbene fragment (on
the C3'-ring without a C2-SBu fragment) is ca. 4 ppm more down-
field compared to the carbene carbon signal of its C5-carbene frag-
ment (on the C3-ring containing C2-SBu). This we ascribe to the
donating property of the SBu-substituent into the carbene carry-
ing thiophene ring, once connected via a conjugated pathway with
a strong withdrawing carbene carbon on the same thiophene ring
(Fig. 3). The carbene carbon signal of the C5’-carbene fragment of
4 (155.1 ppm, Table 2) is similar to the carbene carbon resonance
of 9 (155.8 ppm), the analogous 3,3’-BT biscarbene complex [22].

The observation of m-donation is in contrast with the o-
inductive electron withdrawing effect of the SBu-fragment on the
thienyl substituent. This is a consequence of replacing H by a
more electronegative S atom. In 1 and 2, the presence of the SBu-
group results in a ca. 20 ppm downfield shift of C2 and C2' re-
spectively, when compared to their 3,3’-BT equivalents (129.1 (C2)
and 122.4 ppm (C2'), respectively) [22]. The same principle is seen
when comparing the C3-ring (containing a SBu fragment) of 4 with
its own C3'-ring (without a SBu fragment) and again with 9 (SBu
fragment is absent). Hence carbene complexes with 3,3'-BT-2/2'-
SBu substituents have less electron density in the thienylene sub-
stituent to stabilize the carbene carbons compared to 3,3'-BT car-
bene complexes.

In the TH NMR spectrum of 7, the presence of 6 can be ob-
served. However, because of the long data acquisition time needed

to acquire the 13C NMR spectrum of 7, decomposition of 6 is ob-
served, accompanied with the absence of signals belonging to 6
(Fig. 5) [20]. When one carbonyl group of 10 is replaced with CNEt
to give 7, downfield shifts are seen in the carbene carbon and the
carbonyl groups’ resonances (Fig. 5). The carbonyl signals change
from a characteristic pentacarbonyl fingerprint (one trans and one
cis) to a tetracarbonyl fingerprint (two trans and one cis).

Characteristic values for different transition metals are seen in
the resonances of carbene carbons and carbonyl groups. These res-
onances are ca. 23 ppm downfield when comparing 10 (Cr) with
11 (W) (Fig. 5), and similar to their respective analogous [2,3-b]-TT
carbene complexes [21]. The aromatic carbon most affected by a
carbene fragment is the carbon ipso to the carbene carbon. Com-
paring C3'-ring resonances of 3 and 4, the ipso carbons (C2’ and
C5' respectively) are ca. 20 ppm downfield compared to their car-
bene free analogue C2' and C5’ positions in 4 and 3 respectively,
Table 2. The chemical shifts for the carbene carbon atom and C4
of aminocarbene complex 12 is lowered by ca. 37 and 23 ppm, re-
spectively, compared to ethoxycarbene complex 11, with the same
metal and thienylene substituent. The two methyl substituents of
NMe, in 12 and 13 resonate as separate peaks in their 3C NMR
spectra, ca. 8 ppm apart. Due to the reactivity of 5, no 3C NMR
spectrum could be obtained for this compound, as decomposition
occurred during the long data acquisition time needed to observe
the carbene carbon resonance.

2.2.3. FT-IR spectroscopy

All the compounds represent a M(CO)sL system [24], with the
exception of 7, and their IR data are summarized in Table 3. Com-
pound 4 was isolated in trace amounts as an inseparable mixture
along with 3 and due to their similar chemical properties, they
could not be purified further. The A;® and E bands of 5, 12 and
13 overlap to give one strong broad band in each case (Table 3).

The cis-M(CO)4L, system (7) has Cs symmetry and display four
IR and Raman active carbonyl stretching frequency modes (2A{, By
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Table 3
FT-IR data of complexes measured in hexane.
Compound  vco, cm™! Ve, cm!
A (m) By (vw)  A® (sh)  E(vs) B, (s) C=N(w)
1 2056 1980 1952 1944
2 2059 1985 1956 1947
3 2056 1986 1955 1947
52 2059 1986 1943 (vs) 1943
6%0 2067 n.o. 1961 1961 2167
7 2015 1929 (s) 1941 (m) 1923 2162, 2129
10 2058 1983 1957 1947
11 2066 1982 1952 1944
12 2063 (w) 1974 1930 (s) 1930 (s)
13 2063 (w) 1973 1936 (s) 1936 (s)

a2Sample measured in DCM, as ester formation occurred due to the compound’s reactivity

(C=0 stretching band at 1710 cm').

Table 4

Selected bond lengths (A) and angles (*) of 1, 5, 7 and 10-13.
Complex 1 5¢ 7 10 11 12 13¢
Bond lengths
M—Cearp 2.082(3)  2.075(3), 2.070(3) 2.063(2)  2.051(2) 2.200(6)  2.232(8)  2.21(1), 2.24(1)
Ccarb—OEt/NMe, 1.336(3)  1.323(4), 1.326(3) 1.331(3) 1.332(3) 1.341(8) 1.31(1) 1.34(2) , 1.28(2)
M—CO trans to c0® 1.901(2)  1.900(3), 1.900(3) 1.897(2)  1.896(3) 2.039(8)  2.039(9) 2.04(2), 2.03(2)
M~—CO (ans to cearb 1.870(4) 1.863(3), 1.881(3) 1.860(2)  1.879(3) 2.022(8)  2.00(1) 2.04(2) , 2.01(2)
M-CO trans to CNEt 1 875( )
M-CNEt 1.996(2)
Cearb—C5 1.444(3)  1.457(3), 1.448(4) 1.459(2) 1.462(3) 1.450(9) 1.50(1) 1.50(1), 1.52(1)
c2-C3 1.396(4)  1.385(4), 1.381(3) 1.389(3) 1.388(3) 1.37(1) 1.39(1) 1.40(2), 1.39(2)
C3-C4 1.405(3)  1.406(3), 1.405(4) 1.412(2) 1.411(3) 1.409(9) 1.43(1) 1.44(2), 1.44(2)
C4-C5 1.385(3) 1.367(4), 1.372(3) 1.376(3)  1.379(3) 1.39(1) 1.36(1) 1.34(2), 1.35(1)
S-C2 1.712(2)  1.711(2), 1.701(2) 1.704(2)  1.706(2) 1.704(8)  1.72(1) 1.70(2), 1.73(1)
S-C5 1.744(3)  1.767(3), 1.764(3) 1.766(2)  1.766(2) 1.757(6)  1.750(9)  1.76(1), 1.76(1)
Bond angles
M—Cap—O/N 129.02)  130.5(2), 129.2(2) 129.5(1)  128.4(2) 128.5(5) 131.1(6)  130.9(9), 131.8(9)
M—Cearp—C5 126.0(2)  123.4(2), 125.1(2) 125.5(1)  126.2(1) 126.2(5) 116.4(5) 117.2(8), 114.1(8)
O/N—Ceap—C5 105.0(2)  106.1(2), 105.6(2) 105.0(2)  105.4(2) 105.3(5)  112.5(7)  112(1), 114(1)
Torsion angles
M-Cap—C5-C4 -2.9(4) -6.5(4), 12.7(4) -0.3(3) 2.0(3) -4(1) 88(1) 80(1), -80(1)
O/N—Ceyp—C5-C4 176.8(3)  175.5(2), -170.1(2)  180.0(2)  -178.1(2) 177.5(7) -91(1) -100(2), 104(2)
Angle between two mean planes? 2.38 7.39, 8.87 0.79 1.65 3.61 88.75 81.52, 79.86

2Averaged bond length.

bFirst mean plane drawn through C2, C3, C4 and C5, and the second through M, C., and O/N.

CFirst set reported for M1 and the second for M2.

and B,). Two C=N stretching vibrational bands are observed for 7
(containing a CNEt ligand). These bands represent symmetric vi-
brations and loss of degeneracy due to asymmetry of the system.
C-N, C-C and C-O vibrations are observed in the same absorp-
tion region (1300-800 cm~!) and the same counts for the C=N,
C=C and C=0 vibrations (1900-1500 cm~!) [25] . Therefore C-N
stretching vibrations of 7, 12 and 13 cannot be assigned unambigu-
ously.

2.3. Molecular structures

The carbene complexes were crystallized by dissolving samples
in DCM, layering the saturated solution with hexane, and allow-
ing the crystals to form at low temperatures by slow diffusion and
evaporation.

Single crystal X-ray diffraction studies confirmed the molecu-
lar structures of complexes 1, 5, 7 and 10-13 (Fig. 6). Selected
bond lengths, angles and torsion angles are given in Table 4, em-
ploying the atom numbering scheme used in the NMR assign-
ments. Crystal structures of ethoxy- and amino-[2,3-b;3",2"-d]-DTT
carbene complexes have similar features. In each case the pla-
nar [2,3-b;3',2’-d]-DTT spacer has an ethoxy/amino substituent ap-
pearing on the same side as its sulphur atoms, along with an
octahedral metal pentacarbonyl fragment attached to the spacer
through an ethoxy/aminocarbene carbon. Carbene complexes have

an electronic and steric favoured orientation, the Z-isomer, where
the ethyl group and metal moiety are on the same side of
the ((CO)sM)Ccap,—O(Et) bond in the solid state [26-28]. All the
ethoxycarbene complexes reported have the preferred Z-isomer ar-
rangement, where the stereoelectronic interaction of the alkyl sub-
stituent and a cis-CO ligand prevails against the steric repulsion in
alkoxy Fischer carbene complexes [29].

To determine if the thienylene spacer, carbene carbon, metal
and ethoxy/amino fragment are all in the same plane, for each
structure a mean plane was drawn through C2, C3, C4 and C5,
and a second through M, C.;, and O/N. The angle between the
two planes was measured, revealing that most of the crystal struc-
tures have a planar arrangement. Steric congestion in 5 prevents
the molecule from being planar and the angles between the two
mean planes, on each side of the molecule, are 7.39 and 8.87".
These angles are significantly greater in 12 and 13 (Table 4), due
to the rigid, curved and condensed DTT backbone and the bulky
dimethylamine fragment/s resulting in a more crowded molecule.
This result is supported by the torsion angles M—C,,—C5—C4 and
O/N—Cap—C5—C4 reported in Table 4.

The M-C.,, bond lengths for the chromium ethoxycarbene
complexes range from 2.051(2) to 2.082(3) A. Compounds 10
(2.051(2) A), and 5 (2.075(3) and 2.070(3) A) have M—C.,, bond
lengths that are significantly different compared to their chromium
mono- and bis-[2,3-b]-TT carbene analogue complexes (2.083(5)



Z. Lamprecht, EP. Malan and D.C. Liles et al./Journal of Organometallic Chemistry 925 (2020) 121466 9

Fig. 6. The molecular structures of 1, 5, 7 and 10-13 with the atomic displacement ellipsoids shown at the 50% probability level.

and 2.058(4) A), respectively [30]. The M-Cgap bond distance
is significantly shorter in the ethoxycarbene complex 11 com-
pared with the analogous aminocarbene complex 12, emphasizing
a smaller demand on s -interaction from the W(CO)s substituent
in 12 because of the amino substituent’s greater contribution.

From inspection of the C_,;,—C5 bond lengths, it is evident that
12 and 13 (aminocarbene complexes) are less dependent on elec-
tron density from the thienylene substituent to stabilize the car-
bene carbon compared to the crystal structures of the ethoxycar-
bene complexes, hence their significantly longer bond lengths, as
expected from the conclusions drawn from the NMR data. The
M—CO (rqns to ccarb PONA lengths of the compounds are shorter than
the M—CO {ans to co bond lengths and the respective averaged
M-CO bond length of Cr(CO)s and W(CO)g [31,32]. This is a result
of poorer m-acceptor properties of the carbene carbon compared
to a carbonyl ligand and the trans to Cg,, carbonyl ligand compen-
sates for this by increasing metal-to-carbonyl-carbon backbonding.
The same principle in seen in 7, where the longer M—CNEt bond
length is compensated for by the shorter M—CO bond length trans
to CNEt (Table 4). This places the CNEt ligand as intermediate be-
tween a carbene and a carbonyl ligand based on bonding interac-
tions.

The representative angles around the carbene carbon of ca. 130°
(M—Cearp—0), 125° (M—Ceyrp—C5) and 105° (O—Cq,,—C5) are ob-
served for the ethoxycarbene complexes (Table 4 and Figure 6). In
the case of aminocarbene complexes (12 and 13) the M—C,,—C5

W(CO)s
131.1(6) 126.2(5)
128.5(5) ( \ 116.4(5)
C5-DTT
EtO
Me,N 5.DTT
112.5(7)
105.3(7)

Fig. 7. Bond angles (°) around the carbene carbon of 11 (red) and 12 (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

bond angles are significantly decreased and the N—C,,—C5 bond
angles increased as a result of the sterically crowded carbene sub-
stituents (Figure 7). The aminocarbene substituent, because of elec-
tronic involvement with the carbene carbon, places the methyl
groups of the nitrogen in unfavourable planar orientations with
respect to the bulky metal carbonyl fragment. The thiophene sub-
stituent rotates out of the plane to alleviate congestion. As a result,
the DTT substituent now has an unfavourable orientation of the
ring pi-cloud to effectively overlap with the carbene p,-orbital.
Cis carbonyl ligands in the equatorial plane are staggered
equally relative to the carbene ligand. Two carbonyl ligands trans
to each other are slightly bent away from the carbene carbon in
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the case of 1 (6.7(1)°), 5 (8.5(1)), 7 (6.8(1)"), 11 (6.1(3)°), 12 (four
carbonyls: 5.1(4) and 6.6(3)°) and 13 (5.4(7)°) as is seen from their
CO-Cr/W-CO angles.

The two thiophene rings in 1 are non-planar as indicated
by the inter-ring torsion angles C2—C3-C3'—C2’ of 145.3(2) and
C4—C3-C3'-C4' of 146.4(2), striking a balance between electronic
and steric factors. Little inter-ring conjugation/electron delocaliza-
tion between the thiophene rings occur, as concluded from the
TH NMR spectral data. Rotation around the inter-ring bond of the
thiophene rings generates two positions for the sulphur atom of
the second thiophene ring. Two molecules are observed in the
unit cell; one molecule with the sulphur atom of the second thio-
phene ring rotated to the same side as the first sulphur atom
in the spacer and in the second molecule the second thiophene
ring is rotated away from the other sulphur atom in the spacer.
The one molecule showed distortion of the SBu fragment. Com-
pounds 10 and 11 packed in a similar fashion, with - interac-
tion distances measured at 3.250 and 3.940 A, respectively (Fig. S6,
Supplementary data), while the solid state structure of 13 packs
such that both stacking and columnar packing is observed when
viewed down two different axes (Fig. S7, Supplementary data).

3. Conclusions

The use of a more reactive isomer [2,3-b;3",2'-d]-DTT, as an an-
nulated thiophene substrate for the preparation of Fischer carbene
complexes with different bases, revealed unexpected ring-opened
products. The central sulphur atom of [2,3-b;3",2’-d]-DTT was at-
tacked by organolithium reagents (e.g. n-BuLi) or amine nucle-
ophiles (HDA). While using n-BuLi the majority of carbene com-
plexes formed resulted from a ring-opened DTT spacer. Nucle-
ophilic attack on the central thiophene sulphur by n-BuLi afforded
a SBu substituent on the inside position of a 3,3'-BT-2-SBu back-
bone. Employment of nucleophilic HDA/n-BuLi again resulted in at-
tack by HDA on the central sulphur atom, but this time with exci-
sion of the central sulphur atom, producing mono- and biscarbene
complexes of 3,3-BT. In both instances carbene complexes from
deprotonated DTT were spectroscopically observed, but could not
be isolated. Although deprotonation was observed, KHMDS also fa-
cilitated unprecedented nucleophilic addition to the carbonyl car-
bon atom of chromium hexacarbonyl to afford K[Cr(CO)s{CN}].

To circumvent the ring-opening reactions, the «-positions of
[2,3-b;3",2"-d]-DTT were first activated to produce 5,5'-dibromo-
|2,3-b;3",2’-d]-DTT, prior to carrying out preparative Fischer car-
bene reactions. Ethoxy-monocarbene complexes of [2,3-b;3',2'-d]-
DTT were isolated by using this method, but biscarbene complexes
formed either in very low yield (Cr) or could not be isolated (W)
as a result of the greater reactivity of [2,3-b;3",2"-d]-DTT complexes,
compared to their [3,2-b;2',3'-d]-DTT analogues [12-15]. This is
presumably due to the greater extent of sr-conjugation. To iso-
late the [2,3-b;3',2'-d]-DTT biscarbene tungsten complex, the reac-
tion mixture obtained from the Fischer carbene reaction starting
with 5,5'-dibromo-[2,3-b;3",2’-d]-DTT, was first aminolysed before
purification. Aminolysis of ethoxycarbene complexes is known to
improve the stability of the carbene complexes by having a more
electron donating amino group, stabilizing the electrophilic car-
bene carbon.

4. Experimental
4.1. Methods and materials
All operations were carried out using standard Schlenk tech-

niques or vacuum line techniques under an inert atmosphere of
nitrogen or argon, using oven-dried glassware. Silica gel 60 (parti-

cle size 0.063-0.20 mm) was used as resin (stationary phase) for
all column chromatography separations.

Triethyloxonium tetrafluoroborate was prepared according to
literature procedure and stored in diethyl ether under Ar (g) [33].
Boron trifluoride etherate was distilled before use. Under N, at-
mosphere THF and diethyl ether were distilled over sodium wire
and benzophenone, hexane and benzene over sodium wire and
DCM and acetonitrile over CaH,. CDCl3 was dried over CaH,. Other
chemicals commercially supplied by Sigma Aldrich and Strem
Chemicals were used as received. The n-BuLi used in syntheses,
was from a stock 1.6 M solution in hexane.

P1 was prepared from 3-bromothiophene that involved cou-
pling of two thiophene rings using a lithium bromide exchange
and copper chloride mediated coupling, followed by bromina-
tion with N-bromosuccinimide (NBS). Another lithium bromide ex-
change and thio-ring closure with S(PhSO,), yields pure P1 after
standard reaction work-up and purification [3,16]. P2 is prepared
by bromination of P1 with NBS.[3] Assignment of the NMR reso-
nances of these precursors is given in the Supplementary data (Fig.
S1).

Compounds 1, 2, 7 and 10 could not be characterized using
mass spectrometric (MS) analysis as the compounds did not ion-
ize during the technique. In the case of 4, only NMR analysis was
carried out as the compound was obtained as an inseparable mix-
ture along with 3. The low yield of 5 resulted in too small a sample
size to collect 13C NMR or MS data.

4.1.1. NMR spectroscopy

NMR spectra were recorded on Ultrashield Plus 400 AVANCE 3
and Ultrashield 300 AVANCE 3 spectrometers, at 25 °C. The 'H
NMR spectra were recorded at 400.13 or 300.13 MHz, and the 3C
NMR spectra at 100.613 or 75.468 MHz, respectively. The samples
were measured in solvent CDCls, chemical shifts (reported as &
(ppm) downfield from Me4Si) are referenced at 7.26 ppm for dy
and 77.0 ppm for 8c. Coupling constants (J) are reported in Hz.
Preparation of the samples was carried out under Ar (g) and the
NMR tubes were sealed before data collection. The 'H NMR data
are reported in the format: chemical shift (integration, multiplicity,
coupling constant, assignment) and the 13C NMR data in the for-
mat: chemical shift (assignment), in the order of assignments. The
spectral coupling patterns are: s - singlet, d - doublet, t - triplet,
q - quartet and m - multiplet. First-order analysis is carried out to
assign signals of the 'H NMR spectra. Additional 2D ['H, 'H] COSY
NMR experiments were done where confirmation of the proton as-
signments were required. Assigning the carbon chemical shifts, ob-
tained from proton-decoupled 13C NMR spectra, was possible with
the assistance of 2D ['H, 13C] HSQC and 2D ['H, 3C] HMBC NMR
experiments. Standard Bruker pulse programs were used in the ex-
periments.

4.1.2. FT-IR spectroscopy

Infrared spectroscopy was performed on a Bruker ALPHA FT-IR
spectrophotometer with a NaCl cell, using dried hexane as solvent.
Insoluble samples were measured using dried DCM as solvent. The
absorptions were measured from 400 to 4000 cm~!. The IR data
are reported in the format: absorption intensity (assignment) in
the order of highest to lowest wavenumber. The wave intensities
are: vw - very weak, w — weak, m - medium, s -strong, vs - very
strong and sh - shoulder.

4.1.3. High resolution mass spectrometry

Mass spectral analyses were performed on a Waters® Synapt
G2 high definition mass spectrometer (HDMS) that consists of a
Waters Acquity Ultra Performance Liquid Chromatography (UPLC®)
system hyphenated to a quadrupole-time-of-flight (QTOF) instru-
ment. Data acquisition and processing was carried out with Mass-
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LynxTM (version 4.1) software. A leucine encephalin solution (2
pg/ul, m/z 555.2693) was used as an internal lock mass con-
trol standard to compensate for instrumental drift and ensure
good mass accuracy. The internal control was directly infused into
the source through a secondary orthogonal electrospray ionization
(ESI) probe to allowing intermittent sampling. Flow injection anal-
ysis (FIA, 0.4 mL/min flow rate) with the injection volume set at
5 pL. Samples were made up in ultra purity liquid chromatogra-
phy methanol to an approximate concentration of 10 ng/mL. The
methanol was spiked with 0.1% formic acid and used throughout
the 1 min run. The capillary voltage for the ESI source was set at
2.6 kV for negative mode ionization. The source temperature was
set at 110 °C, the sampling cone voltage at 25 V, extraction cone
voltage at 4.0 V and cone gas (nitrogen) flow at 10.0 L/Hr. The
desolvation temperature was set at 300 °C with a gas (nitrogen)
flow of 600.0 L/Hr. The mass to charge ratios (m/z) were measured
in the range of 50-1500 Da with the raw data presented in the
form of a centroid profile (scans were collected every 0.3 s). Nega-
tive electron spray was chosen as the ionization technique. The MS
data are reported in the format: calculated mass, found mass (per-
centage intensity, fragmentation) in the order of highest to lowest
mass to charge ratio.

4.1.4. Single crystal X-ray diffraction

Single crystal diffraction data for 1, 5, 7, 10 and 13 were col-
lected at 150 K on a Bruker D8 Venture diffractometer with a
kappa geometry goniometer and a Photon 100 CMOS detector us-
ing a Mo-Koa [4S micro focus source. Data were reduced and scaled
using SAINT and absorption intensity corrections were performed
using SADABS (APEX III control software) [34]. Single crystals of 11
and 12 were analysed on a Rigaku XtaLAB Synergy R diffractome-
ter, with a rotating-anode X-ray source and a HyPix CCD detector.
Data reduction and absorption were carried out using the CrysAl-
isPro (version 1.171.40.23a) software package [35]. X-ray diffraction
measurements were performed at 150 K, using an Oxford Cryo-
genics Cryostat. All structures were solved by an intrinsic phas-
ing algorithm using SHELXTS [36] and were refined by full-matrix
least-squares methods based on F? using SHELXL [37]. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms
were placed in idealized positions and refined using riding mod-
els.

4.1.5. UV-Vis spectroscopy

Measurements were performed on 10 mL DCM solutions of
0.01 mM analyte concentration at 25 °C. Absorptions were mea-
sured in the range 200-1000 nm using a UV-Vis spectrophotome-
ter Specord 200 plus. WinASPECT PLUS (version 4.2) software was
used for data visualization.

4.1.6. Synthesis of complexes

Method 1: Lithiation of [2,3-b;3',2'-d]-DTT using n-BuLi

n-BuLi (1.6 M in hexane, 2.1 mL, 3.3 mmol) was added to [2,3-
b;3',2'-d]-DTT (P1) (0.36 g, 1.8 mmol) dissolved in 20 mL of THF
at —78 °C. After 30 min, Cr(CO)g (0.59 g, 2.7 mmol) was added to
the reaction mixture. The solution stirred for 15 min at —78 °C,
followed by 40 min at room temperature. The solvent was re-
duced in vacuo. The residue was dissolved in 10 mL DCM and
cooled to —30 °C before being treated with [Et30][BF4] in DCM
(133 g, 7.0 mmol). The reaction mixture was allowed to reach
room temperature after which the solvent was reduced in vacuo.
The products were purified using column chromatography start-
ing with eluent n-hexane and increasing the polarity with DCM.
The products isolated, in sequence of elution, are listed in Table
S1, Supplementary data.

Compound 1: UV-Vis Anax(CH,Cly)/nm 491 (¢/dm3 mol~!
cm~! 23,990), 387 (8460). FT-IR vco(hexane)/cm~! 2056 m (A;(1)),

1980vw (B4), 1952sh (A1), 1944 vs (E). TH NMR §'H(300.13 MHz;
CDCl3; Me,Si) 8.28 (1 H, s, H4), 7.42 (1 H, dd, 3Js 4 4.9 and 45,
2.5, H5"), 740 (1 H, dd, 3J4 5+ 4.9 and 44, 1.3, H4), 7.58 (1 H, dd,
4, 5 2.5 and 4J5. 4 13, H2'), 513 (2 H, q, 3] 7.0, CH,), 1.67 (3 H,
t, 3/ 7.0, CHs), 3.08 (2 H, t, 3] 7.3, SCH,CH,CH,CH;3), 1.76 (2 H, dt,
3] 7.3, SCH,CH,CH,CHs), 1.50 (2 H, m, SCH,CH,CH>CHs), 0.96 (3
H, t, 3] 7.3, SCH,CH,CH,CH;). 13C NMR §13C(75.468 MHz; CDCls;
MeySi) 307.6 (Cearp), 223.1 (COtrans), 217.3 (COgs), 150.4 (C5), 143.0
(C4), 135.8 (C3), 149.1 (C2), 1274 (C5'), 125.8 (C4'), 134.9 (C3"),
123.2 (C2'), 75.5 (CHy), 15.3 (CH3), 35.9 (SCH,CH,CH,CHj3), 30.6
(SCH,CH,CH,CH3), 21.9 (SCH,CH, CH,CH3 ), 13.5 (SCH,CH,CH, CH3).

Compound 2: UV-Vis Amax(CH,Cly)/nm 452 (¢/dm3 mol~!
cm~! 1740). FT-IR vco(hexane)/cm~! 2059 m (A;(1)), 1985vw (B,),
1956sh (A{?), 1947 vs (E). 'TH NMR §'H(400.13 MHz; CDCls;
Me,Si) 7.72 (1 H, d, 3J54 5.0, H5), 704 (1 H, d, 3J,5 5.0, H4),
730 (1 H, d, 3J5.4 5.4, H5), 6.84 (1 H, d, 345 54, H4"), 4.84
(2 H, q 3 70, CHy), 1.07 (3 H, t, 3] 7.0, CH3), 2.58 (2 H, t, 3]
7.3, SCH,CH,CH,CH;), 141 (2 H, dt, 3] 7.3, SCH,CH,CH,CH;), 1.25
(2 H, m, SCH,CH,CH,CHs), 0.80 (3 H, t, 3] 7.3, SCH,CH,CH,CH3).
13C NMR §'3C(100.613 MHz; CDCl3; Me,Si) 323.8 (Cearp), 223.1
(COprans), 216.6 (COy), 134.1 (C5), 1311 (C4), 130.6 (C3), 155.5
(C2), 126.9 (C5'), 129.3 (C4'), 128.8 (C3'), 141.4 (C2'), 76.5 (CHy),
14.0 (CH;), 37.8 (SCH»CH,CH,CH3), 311 (SCH,CH,CH,CHs), 21.4
(SCH, CH,CH,CHs), 13.5 (SCH,CH,CH,CHs).

Compound 3: UV-Vis Anax(CH,Cly)/nm 484 (¢/dm3 mol~!
cm~! 32,780), 380 (13,690). FT-IR vo(hexane)/cm~! 2056 m
(A;(D), 1986vw (B;), 1955sh (A;(®)), 1947 vs (E). 'H NMR
51H(400.13 MHz; CDCl3; Me,Si) 8.01 (1 H, s, H4), 7.79 (1 H,
d, 354 50, H5), 699 (1 H, d, 3J; 50, H4), 515 (2 H, q,
3] 71, C5CHy), 491 (2 H, q, 3] 7.0, C2'CH;), 168 (3 H, t, 3J
71, C5CH3), 114 (3 H, t, 3] 7.0, C2'CH3), 297 (2 H, t, 3] 74,
SCH,CH,CH,CH;), 1.68 (2 H, m, SCH,CH,CH,CHs), 1.41 (2 H, dt,
3] 74, SCH,CH,CH,CH;), 093 (3 H, t, 3] 7.4, SCH,CH,CH,CHj3).
13¢ NMR §13C(100.613 MHz; CDCl3; Me,Si) 307.5 (C5Ceypp), 322.7
(C2'Cearp)s 223.0 (COpgns, C5 and C27), 217.3 (C5COg), 216.5
(C2'COs), 150.6 (C5), 142.4 (C4), 137.6 (C3), 149.8 (C2), 135.2
(C5"), 130.6 (C4"), 129.0 (C3’), 155.6 (C2'), 75.6 (C5CH,), 15.2
(C5CH3), 76.6 (C2'CH,), 14.1 (C2'CH3), 35.5 (SCH,CH,CH,CH;), 30.6
(SCH, CH,CH,CHs), 21.8 (SCH,CH, CH>CHs), 13.4 (SCH,CH,CH,CHs).
ESI-MS m/z (CygH701,S3Cry, 750.65 g/mol) calculated: 748.9005,
found: 748.9352 (6%, [M-H]"), calculated: 720.9056, found:
720.8736 (9%, [M—CO—H]™), calculated: 692.9107, found: 692.8768
(4%, [M—2CO—H]"), calculated: 664.9158, found: 664.8814 (7%,
[M—3CO—H]").

Compund 4: 'H NMR §'H(400.13 MHz; CDCl3; Me,Si) 8.32
(1 H, s, H4), 858 (1 H, d, 44, 08, H4), 790 (1 H, d,
4], 4 0.8, H2), 516 (2 H, q, 3] 7.2, C5CH,), 167 (3 H, t, 3/
72, C5CH3), 524 (2 H, q, 3] 7.0, C5'CH,), 171 (3 H, t, 3] 7.,
C5'CHs), 312 (2 H, t, 3] 7.3, SCH,CH,CH,CH;), 1.78 (2 H, dt,
3] 73, SCH,CH,CH,CH;), 1.50 (2 H, m, SCH,CH,CH,CH3), 0.98
(3 H, t, 3] 7.3, SCH,CH,CH,CH;). 3C NMR §'3C(100.613 MHz;
CDCl3; MeySi) 308.7 (C5Cqzp), 316.6 (C5'Cegrp)s 223.1 (C5CO¢rans),
2232 (C5'COprans), 217.2 (C5COg;), 216.8 (C5'COy), 1509 (C5),
142.4 (C4), 136.7 and 134.6 (C3 and C3’), 149.1 (C2), 155.1 (C5'),
140.6 (C4'), 131.7 (C2’), 75.6 (C5CH,), 14.1 (C5CH3), 76.1 (C5'CH,),
15.1 (C5'CH3), 36.2 (SCH,CH,CH,CHs), 31.6 (SCH,CH,CH,CH3), 22.6
(SCH,CH,CH,CH3), 13.5 (SCH,CH,CH,CH3).

Compound 5: UV-Vis Amax(CH,Cly)/nm 477 (¢/dm? mol~!
cm~! 3360). FT-IR vco(DCM)/cm~! 2059 m (A;(1)), 1986vw (B,),
1943 vs (A;? and E), 1710 m (C=0 stretching vibration). '"H NMR
81H(300.13 MHz; CDCl3; Me,Si) 8.49 (2 H, s, H4), 521 (4 H, q, 3J
7.0, CH,), 1.71 (6 H, t, 3] 7.0, CH;).

Method 2: Deprotonation of [2,3-b;3',2'-d]-DTT using KHMDS

KHMDS (0.86 g, 4.3 mmol) was added to [2,3-b;3",2'-d]-DTT (P1)
(0.36 g, 1.8 mmol) and Cr(CO)s (0.79 g, 3.6 mmol) dissolved in
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20 mL of THF at -78 °C. After 30 min at -78 °C the solution was
allowed to reach room temperature for 1 hour. The solvents were
reduced in vacuo. The residue was dissolved in 10 mL DCM and
cooled to -30 °C, then treated with [Et30][BF,4] in DCM (1.33 g,
7 mmol). The reaction mixture was allowed to reach room temper-
ature after which the solvent was reduced in vacuo. Column chro-
matographic purification of the products was carried out using n-
hexane and DCM as eluents. The products isolated, in sequence of
elution, are listed in Table S2, Supplementary data.

Compound 6: 'TH NMR §'H(400.13 MHz; CDCl;; Me,Si) 3.63
(2 H q, 3 70, CHy), 144 (3 H, t, 3] 70, CH;). 3C NMR
813C(100.613 MHz; CDCl3; MeySi) 217.2 (COgrgns), 214.9 (COgs),
160.4 (CNEt), 39.4 (CH,), 15.1 (CH3). The 3C NMR assignment is
based on literature reports for this known compound [21].

Compound 7: UV-Vis Amax(CH,Cly)/nm 506 (¢/dm3 mol~!
cm~! 5010). FT-IR v(hexane)/cm~! 2162 w and 2129 w (vcy),
2015 m (A;(V), 1941 m (A;®), 1929s (B;) and 1923s (B,) (Vco).
TH NMR §'H(400.13 MHz; CDCl3; Me,Si) 8.43 (1 H, s, H4), 7.45 (2
H, s, H4' and H5'), 521 (2 H, q, 3] 6.9, CH;), 1.64 (3 H, t, 3] 6.9,
CH3), 3.57 (2 H, q, 3] 7.2, NCH,CHs), 1.32 (3 H, t, 3] 7.2, NCH,CHj).
13C NMR §'3C(100.613 MHz; CDCl3; MeySi) 316.6 (C.app,), 228.9 and
223.0 (COtrans), 220.1 (CO), 167.5 (CNEt, value compared to sim-
ilar compounds)3® 157.0 (C5), 131.4 (C4), 148.0, 139.0, n.o. and
138.9 (C3, C2, C3' and C2'), 128.4 (C5'), 118.9 (C4'), 74.6 (CH,), 15.5
(CH3) 39.4 (NCH,CH3), 15.3 (NCH,CH3).

Method 3: Deprotonation of [2,3-b;3',3'-d]-DTT using HDA
and n-BulLi

To the reaction vessel was added diisopropylamine (0.53 mlL,
3.8 mmol) in 10 mL THF at —78°C, followed by the addition of n-
BuLi (1.6 M in hexane, 2.4 mL, 3.8 mmol). [2,3-b;3",2'-d]-DTT (P1)
(0.32 g, 1.6 mmol) was dissolved in 10 mL of THF at -78 °C and
transferred to the HDA and n-BuLi mixture using a cannula. Af-
ter 30 min at —78 °C, Cr(CO)s (0.70 g, 3.2 mmol) was added to
the cream coloured solution and allowed to stir at this tempera-
ture before the yellow solution was allowed to reach room tem-
perature for 1 hour, turning the colour red brown. The solvent was
reduced in vacuo. The residue was dissolved in 10 mL DCM and
cooled to —30 °C then treated with [Et3O][BF4] in DCM (1.33 g,
7.0 mmol), resulting in a purple red solution. The reaction mix-
ture was allowed to reach room temperature after which the sol-
vent was reduced in vacuo. The products were purified using gra-
dient column chromatography with solvents n-hexane and DCM.
The products isolated, in sequence of elution, are listed in Table
S3, Supplementary data.

Method 4: Debromination of 5,-dibromo-[2,3-b;3',-d]-DTT
using n-BulLi to synthesize chromium carbene complexes

5,5'-Dibromo-[2,3-b;3',2'-d]-DTT (P2) (0.15 g, 0.43 mmol) was
dissolved in 10 mL of THF at —78 °C. n-BuLi (0.63 mL, 1 mmol)
was added, resulting in a yellow reaction mixture. After 30 min at
—78 °C, Cr(CO)s (0.22 g, 1 mmol) was added to the solution and
allowed to stir at this temperature before the orange solution was
allowed to reach room temperature for 1 hour. The solvent was
reduced in vacuo. The residue was dissolved in 10 mL DCM and
cooled to —30 °C then treated with [Et30][BF4] in DCM (0.38 g,
2.0 mmol). The reaction mixture was allowed to reach room tem-
perature, turning the colour red purple, after which the solvent
was reduced in vacuo. The products were purified using column
chromatography starting with n-hexane and increasing the polar-
ity with DCM. The products isolated, in sequence of elution, are
listed in Table S4, Supplementary data.

Compound 10: UV-Vis Amax(CH,Cly)/nm 481 (g/dm? mol~!
cm~! 14,450), 356 (11,000). FI-IR vco(hexane)/cm~! 2058 m
(A1), 1983vw (B;), 1957sh (A;(®), 1947 vs (E). 'H NMR
81H(400.13 MHz; CDCls; Me,Si) 847 (1 H, s, H4), 747 (1 H, d,
3]s 4 5.2, H5'), 7.50 (1 H, d, 3J4 5 5.2, H4"), 5.18 (2 H, q, 3] 7.0,
CH,), 1.69 (3 H, t, 3] 7.0, CH3). 3C NMR §'3C(100.613 MHz; CDCl3;

MeySi) 312.3 (Cearp)s 223.1 (COprans), 217.1 (COgs), 156.8 (C5), 132.6
(C4), 1394, 138.7 and n.o. (C3, C3" and C2'), 150.7 (C2), 128.8 (C5"),
119.1 (C4"), 75.9 (CHy), 15.2 (CH3).

Method 4: Debromination of 5,5’-dibromo-[2,3-b;3',2'-d]-DTT
using n-BulLi to synthesize tungsten carbene complexes

5,5’-Dibromo-[2,3-b;3",2'-d]-DTT (P2) (1.06 g, 3 mmol) was dis-
solved in 50 mL of THF at —78 ©°C. n-BuLi (3.75 mL, 6 mmol)
was added. After 10 min at —78 °C, W(CO)g (2.11 g, 6 mmol) was
added to the solution and allowed to stir at this temperature for 1
hr before warming to room temperature. The solvent was reduced
in vacuo. The residue was dissolved in 10 mL DCM and cooled to
—30 °C then treated with [Et30][BF4] in DCM (2.28 g, 12 mmol).
The reaction mixture was allowed to reach room temperature after
which the solvent was reduced in vacuo. Column chromatographic
purification of the products was carried out using n-hexane and
DCM as eluents. The products isolated, in sequence of elution, are
listed in Table S5, Supplementary data.

Compound 11: UV-Vis Amax(CH,Cly)/nm 469 (¢/dm3 mol-!
cm~! 21,850), 358 (12,290). FT-IR vco(hexane)/cm~! 2066 m
(A;(D), 1982vw (B;), 1952sh (A;?), 1944 vs (E). '"H NMR
81H(400.13 MHz; CDCl3; Me,Si) 8.38 (1 H, s, H4), 747 (1 H, d,
3J5:4 53, H5'), 749 (1 H, d, 3Jy5 53, H4), 500 (2 H, q, 3J
7.1, CHy), 1.67 (3 H, t, 3] 7.1, CH3). 3C NMR §'3C(100.613 MHz;
CDCl3; MeySi) 286.9 (Cearp)s 202.3 (COtrans), 197.6 (COg), 159.8
(C5),133.2 (C4), 139.6, 139.2 and 138.6 (C3, C3' and C2’), 1515
(C2), 128.8 (C5), 1191 (C4'), 78.3 (CH,), 149 (CH3). ESI-
MS m/z(CigHgOgS3W, 576.27 g/mol) calculated: 574.8914, found:
574.8440 (27%, [M—H]~), calculated: 546.8965, found: 546.8470
(8%, [M—H—-CO]~), calculated: 518.9016, found: 518.9011 (21%,
[M—H-2CO]").

Method 5: Synthesis of tungsten mono- and bisaminocar-
bene complexes of [2,3-b;3',2'-d]-DTT

A mixture of tungsten mono- and bisethoxycarbene [2,3-b;3',2'-
d]-DTT complexes was dissolved in 10 mL THF. Dimethylamine hy-
drochloride (2.45 g, 30.0 mmol) and sodium hydroxide (1.20 g,
30.0 mmol) was added to the reaction mixture. Distilled H,O was
added dropwise until all the suspended salts were dissolved and a
colour change was observed. The reaction was followed with TLC
until all the starting material had reacted. THF was removed in
vacuo, and the remaining residue extracted with ether. The ether
layer was washed with a saturated solution of NH(CHj3),.HCl in
distilled H,0. The ether layer was dried over MgSQy, filtered and
the solvent was reduced in vacuo. The products were purified us-
ing gradient column chromatography with solvents n-hexane and
DCM. The products isolated, in sequence of elution, are listed in
Table S6, Supplementary data.

Compound 12: UV-Vis Anax(CH,Cly)/nm 350 (¢/dm3® mol-!
cm~! 6620). FT-IR vco(hexane)/cm™! 2063 w (A1), 1974vw
(B), 1930s (E and A;?®). TH NMR §'H(400.13 MHz; CDCls;
Me,Si) 6.86 (1 H, s, H4), 742 (1 H, d, 3Js4 52, H5), 7.34
(1 H, d, 34, 52, H4"), 3.96 (3 H, s, CH3), 333 (3 H, s, CH3).
13C NMR §'3C(100.613 MHz; CDCly; Me,Si) 249.6 (Ceyp), 203.7
(COtrans), 198.2 (CO;), 155.7 (C5), 110.5 (C4), 138.9, 138.5, 137.7
and no. (C3, C2, C3' and C2'), 128.0 (C5'), 118.8 (C4"), 53.9
and 45.5 (CHj3). ESI-MS m/z(C;gHgNO5SsW, 575.28 g/mol) cal-
culated: 517.9176, found: 517.9311 (17%, [M—-H-2CO]"), calcu-
lated: 489.9227, found: 489.9363 (6%, [M—H—-3CO]~), calculated:
461.9277, found: 461.9404 (6%, [M—H-4CO]").

Compound 13: UV-Vis Anax(CH,Cly)/nm 350 (g/dm3 mol-!
cm~! 18,940). FT-IR vco(hexane)/cm~! 2063 w (A;(V), 1973vw
(B1), 1936s (E and A;(?)). TH NMR §'H(400.13 MHz; CDCl5; Me,Si)
6.82 (2 H, s, H4), 3.96 (6 H, s, CH3), 3.35 (6 H, s, CH;3). 13C
NMR §13C(75.468 MHz; CDCl3; Me4Si) 249.3 (Cearp ), 203.6 (COprans),
198.1 (CO;), 155.9 (C5), 110.3 (C4), 138.1 and 137.8 (C3 and C2),
54.0 and 45.7 (CH3 ) ESI-MS m/z(C24H14N201053W2, 954.25 g/lTlOl)
calculated: 952.8751, found: 952.8868 (18%, [M-H]~), calcu-
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lated: 924.8802, found: 924.8928 (7%, [M-H-CO]"), calcu-
lated: 896.8853, found: 896.8961 (3%, [M—H—2CO]~), calculated:
868.8904, found: 868.9036 (6%, [M—H—-3CO]").
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