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Tungsten Fischer ethoxy- and dimethylaminocarbene com-
plexes [W{C(X)(C¢H,-4-R}CO)s] (X=OEt: series a; or X=NMe,:
series b) are synthesized from phenyl substrates containing
remote tertiary amino substituents R’,N with R"=Me (2), Ph (3)
or C,H,Br-4 (4). The m-delocalization and carbene-stabilizing
effects of the distant tertiary amine donor substituent are
investigated by NMR and IR spectroscopy, electrochemistry and
quantum chemical calculations. A significant transfer of electron
density from the remote 4-R’,N substituent to the carbene C

Introduction

Fischer Carbene (FC) complexes with a heteroatom-substituted
carbene ligand {=C(X)R} (X=heteroatom substituent, R=alkyl
or aryl substituent) constitute powerful reagents in organic
synthesis and readily participate in cycloaddition and template
reactions,™ with applications reaching to the labelling of sugars,
nucleic acids or proteins.? In FC complexes, both the
heteroatom donor X and the substituent R contribute to
stabilizing the electrophilic carbene centre. These stabilizing
effects are easily probed by virtue of the chemical shift of the
carbene carbon atom in *C NMR spectroscopy.” Table S1 of
the Supporting Information (Sl) provides an overview of
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N

atom in the ethoxycarbene complexes is supported by NMR
data and the solid-state structure of 2a. This is strongly
attenuated in the amino-substituted carbene complex 2¢ and
irrelevant in the dimethylaminocarbene complexes of series b,
where the electron demand of the electrophilic carbene center
is satisfied by the directly attached dimethylamino substituent.
Quantum chemical calculations and IR spectroelectrochemistry
on complexes 1a--4a verify carbene-centered reductions and a
ligand based oxidation of complex 2b.

selected examples of FC complexes [W{=C(X)R}CO);], which
cover a shift range of ca. 360 to 175 ppm, depending on the
substituents R and X.

While the impact of a directly attached heteroatom
substituent X has been scrutinized in great detail, the effect of a
distant dialkyl- or diarylamino donor in phenyl-substituted FC
ligands =C(X)(CsH,R-4) was only sporadically addressed." A
distant nitrogen donor R’,N, when in direct conjugation with
the carbene carbon atom, can contribute to stabilizing the
carbene centre via m-mesomeric effects (Figure 1)."** In this
study we pursue the aim of achieving a better understanding of
the role of a distant R’,N donor and to explore to which extent
it may compete with the a-heteroatom carbene donor sub-
stituent X. To these ends we investigate the electronic proper-
ties of appropriately substituted W carbene complexes through
a combined analysis of their NMR, IR and structural data as
obtained from X-ray crystallography, and their (spectro)
electrochemical properties.

Konstanze©Online-Publikations-Syste(KOPS)
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Results and Discussion
Synthesis of the W(0) carbene complexes

The synthesis of the new W(0) carbene complexes [W{=
C(X)(CgH4-4-NR',)HCO)s] with varying amine substituents R” and
either an ethoxy (2a-4a) or a dimethylamino substituent X
(2b-4b) follows the usual procedure of adding an appropriate
amount of [W(CO)] to a cold (—78°C) solution of the respective
lithiated arene to generate the corresponding acylates, followed
by alkylation with Et;O' BF,"." The 4-dimethylamino deriva-
tives 2b-4b were generated from their ethoxy congeners by
aminolysis  with insitu generated dimethylamine (see
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R'\N ; W(CO)s
R’ /o0 \ X

Remote vs adjacent carbene carbon
atom stabilisation:
X = OEt, NMey; R' = alkyl, aryl

Figure 1. Competitive transfer of m-electron density from a remote amino and the a-heteroatom substituent X towards a carbene-carbon

metal carbonyl fragment.

Scheme 1).” Complex [W{C(NH,)(C¢H,-4-NMe,)}(CO)s] (2c),
where the aryl substituent acts as a n’-arene ligand towards a
{Cr(CO);} entity, was analogously made by bubbling ammonia
through ether solutions of 2a.”’ In order to avoid excessive
decomposition, the synthesis of the heterobinuclear complex
2c* is best accomplished by the dropwise addition of a NH;-
saturated ether solution to the ethoxycarbene precursor [W
{C(OEt)(N*-C4H,-4-NMe,)Cr(CO);}(CO)s] (2a*). Both these com-
plexes were studied for structural comparison with 2b and 2a.
The known complexes [W{C(X)Ph}(CO);] (X=OEt, NMe,) (1a,
1b) lacking a 4-NR’, substituent at the phenyl ring, serve as
points of comparison for complexes 2a-4a and 2b-4b.

NMR Spectroscopy

The 'H and ™C NMR spectra of all tungsten complexes are
shown in Figures ST to S10 in the Supporting Information. As
follows from the compilation of the most pertinent data in
Table 1, NMR spectra of the compounds reveal significant
differences with respect to the presence and the nature of the
4-NR’, substituent at the phenyl ring. In the series of ethoxy
complexes 1a to 4a, introducing a NR’, substituent in the 4-
position of the phenyl ring shifts the resonance signals of the
adjacent phenyl carbon atoms C4 and the attached protons H4
upfield while those of the remote carbon atoms C3 and protons
H3 shift downfield (consult the header of Table 1 for the atomic

numbering scheme). This effect is most pronounced for
complex 2a with NMe, as the strongest donor of this series,
where the differences Ad amount to 2.7/0.47 ppm for C3/H3,
and to —18.1/—0.82 ppm for C4/H4. The electron-donating
effect of the NR’, substituent is even transmitted to the ethoxy
substituent at the carbene carbon atom, where slight upfield
shifts of 2.1 (CH,) and 0.07 (CH,) ppm are observed. This effect
is gradually attenuated in the NPh,- and the N(CgH,-4-Br),-
substituted complexes 3a and 4a as the electron-donating
capabilities of the NR’, substituent decrease (for details see
Table 1).

The C NMR resonance of the carbene carbon atom of
complex 2a appears 21.3 ppm upfield of that in complex 1a.
This shift difference Ad amounts to a remarkable fraction of ca.
one third of that of 63.8 ppm between the congeneric
(phenyl)(ethoxy)- and (phenyl)(dimethylamino)-complexes 1a
and 1b. Again, upfield shifts are attenuated in the NPh, and
N(C¢H,-4-Br), derivatives 3a and 4a. A smaller shift difference
Ad of —13.8 ppm was previously observed for a related pair of
thioether-substituted  phenylcarbene complexes [W{=C-
(SC,H,0H)(C4H,-4-R)}HCO)s] (R=H, NMe,).”! Varying the R’ resi-
dues at the 4-NR’, substituent has however only minor effects
on the positioning of the corresponding resonance signal in
aminocarbene complexes 1b-4b, which all group into a narrow
range of 256.7 to 258.2 ppm. Obviously, the a-nitrogen atom of
an aminocarbene complex acts as such a strong m-electron
donor towards the carbene carbon atom that the remote

1. nBuLi (THF, -78 °C) W(CO)s _ W(CO)s
R Br > R R— |~
2. W(CO)s (THF, 78 °C) oLj 7 N-H
CO)sCr
3. Et;0% BF (CO) H
(DCM, -40 °C) 2c*: R = NMe,
4. DCM - THF
5. NH,Me,Cl, KOH W(CO)s
W(CO)s  (THFH,0, 1. t.) W(CO)s  NH, R—®—(
R - R _— N-H
N~ 0 H
j ) .
1b:R=H 1a:R=H 2c: R =NMe,
2b: R = NMe, 2a: R = NMe,
3b:R= NPh2 3a:R= NPh2

4b: R = N(CgHy-4-Br),

Scheme 1. Synthesis of 1a-4a, 1b-4b and 2c.

4a: R = N(CgH4-4-Br),

Z. Anorg. Allg. Chem. 2021, 1152-1164 www.zaac.wiley-vch.de

1153 © 2021 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie

published by Wiley-VCH GmbH.


https://doi.org/10.1002/zaac.202100081

Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

ARTICLE

Table 1. Selected 'H NMR and ">C NMR chemical shifts & (ppm) in CD,Cl, and spectral assignments for complexes 1a-4a, 1b-4b, 2c and

2c*.
X = OEt (a), NMe, (b), NH, (c)
4=3 W(CO)s 1R=
rRes.  o—i’ ‘R-H
\\ Vi \ 2:R= NM62
X 3: R = NPh,
4:R = N{CGH4Br}2
H/"C 1 2 3 4 5 CH, (OEt) CH; (OEt)
X=OEt
1a -/320.5 -/155.9 7.56/132.0 7.47/128.5 7.47/126.6 5.06/81.0 1.71/15.2
2a -/299.2 -/154.9 8.03/134.7 6.65/110.4 -/140.9 4.99/78.9 1.64/13.3
3a -/305.8 -/151.5 7.84/132.8 6.88/125.9 -/145.5 5.02/79.7 1.65/15.2
4a -/308.4 -/152.0 7.80/131.6 6.94/118.4 -/147.2 5.04/80.1 1.67/15.2
X=NMe, (b) or NH, (c) NMe,/NH,
1b -/256.7 -/153.8 6.80/128.8 7.42/119.4 7.18/126.6 3.93, 3.03/44.8
2b -/258.2 -/149.4 6.74/122.3,120.7 6.68/112.5,111.3 -/143.5 3.89, 3.04/43.8, 39.5
3b -/257.2 -/148.8 7.06/123.4 6.70/121.2 -/146.3 3.91, 3.14/44.9
4b -/256.9 -/149.9 7.11/125.3 6.75/121.6 -/145.4 3.93, 3.16/44.8
2c -/255.3 -/152.8 7.50/129.0 6.68/111.2 -/137.6 8.47, 8.05/40.1
2 ¢+ -/261.4 -/n.o 5.45/93.8, 92.1 4.74/71.9, 70.1 /n.o 8.93, 8.69/40.5, 39.1

[a] Chemical shifts of the N(CH,) protons in complexes 1b-4b and of the N(CH,) carbon atoms in complexes 2 b, 2 c* differ due to restricted
rotation around the Cgene—N bond. [b] Resonance signals of the phenyl carbon atoms are duplicated due to planar chirality.

nitrogen donor substituent 4-NR’, makes no detectable contri-
bution to stabilizing the carbene centre. This seems to also hold
true for the simple amine-substituted complex 2c and the
closely  related complex [W{C=NHMe(C¢H,-4-Me)}(CO);]
(Table 1).' n°-Coordination of the phenyl substituent of 2c to a
Cr(CO); entity in 2c¢* has the known effect of shifting the
resonances of the phenyl carbon atoms and protons upfield by
more than 35 ppm or ca. 2 ppm, respectively.®

X-ray Crystallography

Single crystals of complexes 2a, 2b, 2¢, 2¢* and 3a were
obtained by careful layering of saturated solutions of the
corresponding complexes in CH,Cl, with n-hexane and their
solid-state structures were determined by single crystal X-ray
diffraction. Tables S2 and S3 of the Supporting Information
summarize relevant information on the data collection and
refinement. The molecular structures of complexes 1a,"" 4a""?
and of the complex [W{C(NHMe)(Ph)}(CO)s], the NHMe-substi-
tuted analog of complex 1b (denoted as 1b"™¢ in Table 2),
have been previously published and will be used for compara-
tive purposes, along with that of complex 2c*. MERCURY™
drawings of the molecular structures of 2a, 2b, 2c and 3a are
displayed in Figure 2, Table 2 lists the most relevant bond
lengths, bond angles and torsion angles.

Figure 3 displays the three most relevant resonance struc-
tures that can be conceived for a heteroatom-substituted
tungsten FC complex. Electron donation from the lone pair at
the heteroatom substituent X or the remote 4-NR’, substituent
at the phenyl ring will increase the contributions of the
zwitterionic resonance structures Il and Il with respect to I. Key

structural manifestations of the zwitterionic resonance struc-
tures (and their mutual competition) are a shortening of the C-X
(1) or a shortening of the Cy—Ciypene (C1—C2) and the N-C,,
(N'—C5) bonds (see also the numbering scheme in the header of
Table 2) as well as a quinoidal distortion of the phenylene ring
(. Both zwitterionic resonance structures will contribute to
lengthening the W=C1 bond to the carbene atom. Such effects
have been amply noted in the literature®®> ' and are also
manifest in the present series of complexes.

The data for the present set of complexes should also be
compared to the [W{CPh,}(CO);] benchmark system with its
W—C1 bond length of 2.15(2) A." Further points of comparison
are provided by the complexes [W{CN(allyl)CH,CH,N(allyl)}(CO):]
(W—C1=2.266(3) A)"® [W{CN(Et)CMeCMeN(Et){(CO)s] (W—C1=
2.275(8) A) with an unsaturated NHC ligand,"™' and the acyclic
aminooxycarbene complex [W{C(OEt)N{C(CHCHPh)
CH"PrY'Pr}(CO)s] (W—C1=2.297(8) A)),"” where steric congestion
caused by the bulky amino substituent on the carbene carbon
atom may also contribute to the bond lengthening.

On first comparing the 4-NR',-substituted (phenyl)(ethoxy)
carbene complexes of series a (2a-4a) with the parent phenyl
complex 1a, we note a distinct elongation of the W—C1 and
shortening of the C1-C2 bond in the former complexes as well
as the signatures of a quinoidal distortion of the phenylene ring
(Figure 4), all in line with a structurally relevant contribution of
resonance form lll. Similar observations were also made for the
related N,N-diallyl and pyrrolinyl complexes, where the W—C1
and C1—C2 bond lengths are 2.233(9) or 2.245(3) and 1.468(11)
or 1.454(3) A, respectively.®™® Another indication for the
relevance of resonance structure lll is the compressed C5—-N
bond of 1.358(3) A or 1.378(4) A in complexes 2a and 3a. The
shortening of this bond becomes evident on comparison with
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Table 2. Selected bond lengths (A) and angles (°) of the single X-ray crystal structures of 1a-4a, 2b, 2¢, 2c*
R' /C6=C7 X
/N'— \i //C2—C\1\
R' C4—C3 W(CO)s

13" 2a 3a 43" 2b 2c¢ 2% 1 pNHMeral

X=OEt X=OEt X=OEt X=OEt X=NMe, X=NH, X=NH, X=NHMe
Bond lengths (A)
N-C5 - 1.358(3) 1.378(4) 1.398(4) 1.379(4) 1.368(3) 1.345(3), 1.360(3) -
c1-C2 1.496(5) 1.461(4) 1.472(4) 1.482(5) 1.504(4) 1.470(3) 1.485(3), 1.490(3 1.484(29)
C1-X 1.310(4) 1.337(3) 1.325(3) 1.317(4) 1.303(4) 1.312(3) 1.305(3), 1.300(3) 1.299(26)
C1-w 2.201(3) 2.229(3) 2.235(3) 2.221(3) 2.251(3) 2.244(2) 2.213(2), 2.210(2) 2.186(22)
Bond angles (°)
R'—N'—C5 - 121.3(3) 122.6(2) 119.6(3) 119.7(3) 121.3(2) 121.5(2), 120.3(2) -
R—N'—C5 - 120.5(2) 120.3(2) 123.9(3) 119.6(3) 120.5(2) 121.1(2), 120.3(2) -
R—N'—R’ - 118.2(2) 116.6(2) 116.6(3) 116.8(3) 118.0(2) 116.2(2), 116.2(2) -
C2—C1-X 105.3(3) 106.5(2) 106.9(2) 106.0(3) 113.9(3) 112.6(2) 113.2(2), 112.9(2) 113.7(2)
Q-a1-w 124.5(2) 126.5(2) 126.6(2) 127.0(2) 116.9(2) 126.9(1) 124.6(2), 123.9(2) 121.9(2)
W—C1-X 130.1(3) 127.1(2) 126.5(2) 127.0(2) 129.1(2) 120.4(2) 122.1(2), 123.2(2) 124.3(2)
Me—N—-Me - - N N 111.1(3) N - -
Me—N—C1 - - - - 122.9(3) - - -
Me—N—-C1 - - - - 126.0(3) - - -
Torsion angles (°)
R—N'—-C5-C4 - —0.4(4) —3.8(4) 15.6(5) 15.9(5) —6.5(4) —4.4(4), —9.5(4) -
W-C1-C2—C3 —41.0(5) 20.8(4) 2.0(4) 11.2(4) —90.1(3) 37.5(3) —32.8(3), —43.3(3) 74.6(2)
X—C1—-C2—-C7 —36.2(5) 16.2(4) —1.3(4) 8.6(4) —89.7(4) 33.1(3) —29.3(3), —42.3(3) 78.9(2)
Dihedral Angles (°)®!
Plane 1, Plane 2 39.0(2) 19.2(2) 2.4(1) 9.8(2) 89.6(2) 35.9(1) 31.9(1), 43.2(1) 77.4(2)
Plane 2, Plane 3 - 2.8(2) 8.5(1) 16.7(2) 5.2(2) 5.002) 1.3(2), 3.0(2) -
[a] Data for the two independent molecules of 2 c* within the unit cell. [b] Plane 1: W,X,C1,C2 (4 atoms); Plane 2: C2 to C7 (6 atoms); Plane
3: C5N,R,R" (4 atoms).

the value of 1.390(4) A in N,N-dimethylaniline™ and those of
1.408(7) to 1.427(7) A for the four independent molecules
within the unit cell of triphenylamine.'” Moreover, the phenyl
ring as well as the attached 4-NR’, substituent adopt a coplanar
orientation with respect to the plane W, O, C1, C2 spanned by
the carbene carbon atom, which is a structural prerequisite for
mesomeric stabilization of the carbene centre by the remote
amino substituent. As one might expect, the magnitude of
these structural alterations with respect to the parent phenyl
complex 1a are gradually attenuated as the electron-donating
capabilities of the NR', substituent decrease from 2a to 4a.

The effect of heteroatom substitution at the carbene centre
becomes evident on comparing the structures of complexes 2a,
2b and 2¢, which all have a 4-NMe,-substituent at the
phenylene ring (see Figure 4 for an overlay of the structures of
2a,b and a comparison with the DFT/b3lyp/def2TZV calculated
structures). The most conspicuous differences are a slight
lengthening of the W—C1, the C1-C2, as well as of the N-C5
bonds in the order 2a <2c < 2b. This ordering parallels that of
increasing electron-donating capabilities of the heteroatom
substituent X and indicates an increasing relevance of the
resonance structure Il at the expense of lll. So, as X becomes a
stronger donor, mesomeric stabilization of the electrophilic
carbene centre by the electron-rich remote substituent at the

phenyl ring becomes secondary or even irrelevant. This is also
borne out by the fact that all C—C bonds within the phenylene
ring of 2b are equal within error margins. In the complexes of
series b, the steric demands of the NMe, substituent render it
impossible to put the nearby phenylene ring in the same plane.
In this competition for carbene stabilization, the stronger NMe,
donor wins. Hence, the 4-NMe,C¢H; substituent of 2b is forced
into an orthogonal orientation with respect to the carbene
plane. This puts the phenylene m-system and the nitrogen lone-
pair out of resonance with the empty p-orbital of the carbene
carbon atom. Steric constraints are mitigated in the NH,-
substituted complex 2c. Bond parameters and the orientation
of the phenylene ring in complex 2c are therefore in between
those of 2a and 2b. n-Coordination of the phenyl ring to the
electron withdrawing {Cr(CO);} fragment in 2c* essentially
“neutralizes” the electron donating capabilities of the remote 4-
NMe, substituent such that the bond lengths C1—C2 and C1-W
come close to those in phenyl-substituted 1a.

Cyclic voltammetry

Most metal carbene complexes undergo an oxidation and a
reduction process. Investigations on several series of carbene
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2a 2b

2¢ 3a

2¢*

Figure 2. Solid state structures of complexes 2a (top left), 2b (top right), 2c (middle left), 3a (middle right) and 2 c* (bottom left). In the
MERCURY *' drawings the ADP ellipsoids are set at a 50% probability level and hydrogen atoms are omitted for clarity reasons.

R X R' x® R X
\ \ \ ®
IN <> |N - N—
R‘/ W(CO) R'/ W(CO) R‘/ W(CO)
I ° I © ° n @

Figure 3. The most important resonance structures for the present carbene complexes.
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a 1.385(5)
1.402(5)1.369(4) 1.402(5)
1.415(4)

1.402(5)

2.251(3)

/1 2.229(3)
W(CO)s
1.405(5) 1.418(4)
1.418(4)1 379(4) 1.388(4)
1.380(5)
1.385
c) 1412 1372 1,400
1.421 1.417

1.490

1.385
1.375

Figure 4. Comparison of relevant bond lengths (A) from the experimental (X-ray) structure (a) and the DFT/b3lyp/def2TZVP calculated
structure (c) of 2a (black, X=0Et) and 2b (blue, X=NMe,); overlay of the structures of 2a (grey C atoms) and 2b (green C atoms, for the

experimental (b) and calculated structures (d)).

complexes indicated that the oxidation is generally more metal-
based, while the reduction is strongly biased towards the
carbene ligand.”® Thus, variation of the 4-substituent R in
aminocarbene complexes [Cr{C(NMe,)(C¢H,-4-R)}(CO)s] (R=
OMe, Me, H, Cl) was found to have a ca. fourfold higher impact
on the reduction half-wave potential F,,** than on the
oxidation potential £, with a linear scaling of potential drifts
with the substituents' Hammett o,,, parameters. Computed
compositions of the frontier MOs of carbene complexes are in
line with these assignments.l'#2%™"

The present series of complexes offer the opportunity to
study the effects of introducing an even stronger electron
donor 4-NR,’ in the 4-position of a phenyl substituent and of
more subtle alterations of the remote amine substituents R'.
Cyclic voltammetry on the present complexes was conducted in
the CH,CL,/NBu,PFs (0.1 M) electrolyte. Representative voltam-
mograms of the complexes are displayed in Figure 5, and
Table 3 lists the derived potential values against the ferrocene/
ferrocenium redox couple (E;,, (Cp,Fe” ") =0 mV).

Under the present conditions all ethoxycarbene complexes
of series a are irreversibly oxidized but undergo a reversible
one-electron reduction. Attachment of the 4-NR’, substituent to
the phenyl ring introduces a second possible oxidation site
(note that amino-substituted benzenes and, in particular, triaryl-
amines are themselves redox-active).”"’ Hence, two oxidation
processes are observed for 2a and 4a. The same would be
expected for the simple diphenylamine congener 3a. However,
the associated radical cation of this complex is subject to rapid,
more complex chemical follow-up processes which generate

Table 3. Oxidation and reduction half wave/peak potentials of
1a-4aand 1b-4b in CH,Cl,/0.1 M NBu,PF; at a scan rate of
100 mV/s

Complex E/V ENV  Complex E™*/V Y
1a 0.695% —1.835 1b® 0.455%,
1.180%,
1.490%
2a 0.405%, —2.030 2b™ 0.085 -
0.800%
3a 0.525%, —-1919 3b 0.190® —2.358
0.840',
0.950™
4a 0.580%, —1.840 4b™ 0.240 -
0.890"

[a] Peak potential of a chemically irreversible redox process. [b]
Reduction falls outside the solvent window. [c] Irreversible anodic
processes of electroactive follow products generated upon the
first oxidation.

further electroactive products showing up as smaller peaks
anodic of that of the first oxidation (see Figure S13 of the
Supporting Information). Such behaviour is reminiscent of
unsubstituted triphenylamine itself”? We also note that
replacement of the 4-NMe, substituent of 2a by (4-Br-C4H,),N in
4a has a larger effect on the potential of the first than on that
of the second oxidation. The chemical irreversibility of both
anodic processes does, however, not allow for a clear assign-
ment of the initial oxidation site (the metal ion or the aryl- or
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Figure 5. Cyclic voltammograms of complexes 1a,b to 4a,b in the CH,Cl,/0.1 M NBu,PF, electrolyte at a 100 mV/s scan rate referenced

against the Cp,Fe”" redox couple.

triarylamine substituent) solely on the basis of the electro-
chemical data.

The aminocarbene complexes of series b oxidize at much
less positive potentials than their analogous ethoxycarbene
congeners. In the case of complexes 2b and 4b, the oxidation
is chemically fully reversible even at low sweep rates (2b) or
becoming so at sweep rates of >400 mV/s (4b). In contrast, no
reduction wave was observed within the solvent window of the
CH,Cl,/NBu,PF, electrolyte. The cathodic shift of the oxidation
potential by >300 mV between congeners of the a and b series
of complexes clearly surpasses that of 80 mV to 170 mV for
comparable alkoxy- and dimethylaminocarbene
complexes,7>?m2) a5 it was particularly well documented for
2-furyl- or 2-thienyl-substituted derivatives.”*®*?¥ This argues for
an unusually large contribution of the donor-substituted
phenylene moiety at the carbene ligand to the oxidation
process. The anodic shift of the peak potential £, of ca. 0.05V
for complex pairs 3a/4a and 3b/4b, which mirrors the
electron-withdrawing effect of the two bromo substituents on
the amine-appended phenyl ring, is not too dissimilar to that of
0.03 V to 0.10 V (depending on the solvent and the supporting
electrolyte) for the corresponding triarylamines (CgHs)(CgH,-4-
Br),N and Ph;N.[2'2¢2*]

In seeking to gain further insight into the composition of
the relevant frontier MOs and, by inference, the identity of the
likely redox site for oxidation and reduction, we conducted
quantum chemical studies on all complexes of series a and b.
Their geometry-optimized structures agree well with exper-

imental ones. Contour plots of the relevant frontier MOs
(HOMO, LUMO) of the complexes 1a-4a and 1b-4b are
displayed in Figure 6 along with the differences in NBO-
calculated charges of the individual fragments, {W(CO)s}, =C(X),
C¢H, and 4-NR',, upon oxidation or reduction (for listings of
fragment NBO charges and their differences on oxidation and
reduction see Tables S4 and S5 of the Supporting Information).
Despite the different orientations of the 4-NR’,-C¢H, plane to
that defined by the carbene carbon atom and the attached W,
X and C,, atoms between complexes of series a and b, the
HOMO of all complexes bearing a 4-NR’, substituent is
delocalized over the donor-substituted phenylene ring and the
{W(CO)s} moiety, but does not receive any significant contribu-
tions from the carbene carbon atom and the heteroatom
substituent X. Based on these results, the first oxidation of the
ethoxycarbene complexes cannot be adequately described as
either metal- or ligand-based, but assumes a mixed character.
The LUMO of the ethoxycarbene complexes is similarly
delocalized, but receives higher contributions from the immedi-
ate carbene fragment C(OEt)(C,H,) at the expense of the
attached 4-NR’, substituent and the {W(CO)s} entity. This is
further augmented in the aminocarbene complexes, where the
contributions of the 4-NR’, substituent to the HOMO are
increased, whereas those to the LUMO become almost nil.
Importantly, the compositions of the frontier MOs are not
altered by one-electron oxidation. Hence, the contour diagrams
of the energetically highest-lying singly occupied molecular
orbital (SOMO) of the corresponding, one-electron oxidized
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Figure 6. Contour plots of the calculated HOMO (left) and LUMO (right) of the neutral complexes 1a-4a and differences in the NBO
calculated atomic partial charges upon oxidation and reduction (see legend at the bottom).

cations match with those of the HOMO of the neutral
congeners, while those of the associated one-electron reduced
anions are largely identical to the LUMO of the complexes (see
Figures S14 and S15 of the Supporting Information). The
computed spin densities as shown in Figures S16 and S17 of
the Supporting Information retrace the MO coefficients of the
respective fragments.

Taken together, our calculations show that the remote 4-NR’,
substituent has a clear impact on the composition of the relevant
frontier MOs in that the HOMO is directed away from the {W(CO)s}
fragment towards the 4-NR’,-C¢H, substituent. This goes even to
the point where the HOMO is dominated by the (tri)arylamine
entity. Vice versa, our calculations also predict unusually large

contributions of the {W(CO);} fragment to the reduction, partic-
ularly for the aminocarbene complexes of series b.

IR Spectroscopy and IR Spectroelectrochemistry

The positions of the various v(CO) bands of a {M(CO),} fragment
in complexes [M(CO)s(L)] are an excellent indicator of the
electronic properties of a ligand L.*® Moreover, band shifts on
one-electron oxidation or reduction trace metal participation to
the corresponding redox process with an expected shift of ca.
90-150cm™' for a dominantly metal-centred process.?***”
Table 4 lists the energies of the characteristic CO bands for
every complex. The red shift of all bands in the aminocarbene
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Table 4. IR data for the v(CO) bands of complexes 1a-4a and
2b-4b in THF at RT and for reduced species 1a —4a™ as well as
oxidized 2b™ in THF/1.5 M NBu,PF,

7 (CO) (W(CO)s) in cm™

A1(1) B, E A1(2)
1a 2068 1983 (w) 1940 (vs) n.o.
T1a~ 2040 n.o.* 1900 1844
2a 2060 1973 (w) 1929 (vs) n.o.
2a” 2035 1940 1896 1852
3a 2063 1976 (w) 1933 (vs) n.o.
3a” 2043 n. o.* 1900 1871
4a 2064 1977 (w) 1934 (vs) n.o.
4a” 2039 1938 1900 1864
1b 2062 1968 (w) 1925 (vs) 1905 (sh)
2b 2060 1968 (w) 1924 (vs) 1903 (sh)
2b* 2064 1972 (vw) 1928 (vs) 1910 (sh)
3b 2060 1969 (w) 1925 (vs) 1906 (sh)
4b 2060 1969 (w) 1925 (vs) 1904 (sh)

complexes as compared to their oxycarbene congeners is fully
in line with the increased donor capabilities of the heteroatom
substituent in the former and matches with earlier
observations." < 2% ™ When comparing the differently sub-
stituted ethoxycarbene complexes of series a, one notes that
introducing a 4-NR’, donor to the phenylene substituent causes
a red shift of all CO bands. The energies 7, decrease in parallel
with an increasing donor capability of NR’, as shown by the
ordering 1a>4a>3a> 2a. For complexes of series b, however,
no such effect is observed. This matches with our observations
from C NMR spectroscopy, implying that the CgH,-NR’,
substituent does very little to stabilize the carbene centre.

The reversible reduction of the ethoxycarbene complexes
allowed us to monitor the changes in the v(CO) bands during
this process by means of IR spectroelectrochemistry as an
experimental probe for {W(CO)s} contribution to the reduction.

2a > 2a

The results of such experiments on complex 2a are shown in
the left-hand panel of Figure 8 while those for complexes 1a,
3a and 4a can be found as Figure S18 of the Supporting
Information. A shift to lower wavenumbers of approximately
25cm™" (A,"-band) to 40 cm™' (E-band) is observed for every
complex. This is far less than the shift of 90 cm™ to 115cm™
observed for metal-centred oxidations of other metal carbene
complexes,?®?® but compares well with shifts of 13cm™ to
29cm™' observed for the reduction of the complex [Re
{C(OEt)(TTh)}Br(CO),] (TTh=2,3-b-thiothiophenediyl) with a like-
wise delocalized LUMO.” The chemical reversibility of the
oxidation wave of the aminocarbene complex 2b allowed us to
also monitor the CO band shifts during this process. A graphical
account of the outcome of this experiment is shown in the
right-hand panel of Figure 7. The CO bands experience an only
minor displacement of ca. 4cm™' to higher energies, thus
clearly identifying the 4-NR',-C4H, substituent as the oxidation
site.

Conclusions

In the present work we have explored to what extent a 4-NR’,
substituent at the phenyl residue of a carbene ligand {=
C(X)(C¢H4-4-NR',))} contributes to stabilizing the electrophilic
carbene carbon atom in {W(CO):} Fischer Carbene complexes.
To these ends we have varied the heteroatom substituent X
from ethoxy to dimethylamino as well as the electron donating
capabilities of the 4-NR’, substituent (R'=Me, Ph, 4-BrC,Hs). We
have scrutinized the NMR and IR spectroscopic and the electro-
chemical properties of the complexes as well as the structural
data of several representatives and compared them among
each other and with those of their simple phenyl congeners [W
{CX(Ph)}(CO)]. Based on these results we conclude that electron
donation from the 4-NR',-C¢H, substituent plays an important

P
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Figure 7. IR spectroscopic changes in the carbonyl region during the reduction of complex 2a (left) and the oxidation of complex 2b (right)

in CH,Cl, /0.1 M NBu,PF.
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role in the oxycarbene complexes, but is wholly irrelevant in the
aminocarbene complexes. The remote, conjugated 4-NR’, donor
substituent can thus be employed to fine-tune the electronic
properties of oxycarbene complexes as it can provide additional
electron density to stabilize the carbene carbon atom. The
presence of the 4-NR’, donor has also a strong influence on the
composition of the relevant frontier MOs, thus directing the first
oxidation of the aminocarbene complexes away from the metal
carbene entity to the (tri)arylamine constituent of complexes
3b, 4b.

Experimental

Material and Methods

Standard Schlenk techniques, performed under an atmosphere of
Ar or N,, were used for synthesis. THF and hexane were distilled
over sodium metal, while CH,Cl, was distilled over CaH,. All other
reagents were used as received from commercial suppliers. Et;0"
BF,” was synthesised according to the published procedure by
Meerwein.” Aminolysis with dimethylamine is achieved through an
acid-base reaction between dimethylammonium chloride and
sodium hydroxide in an aqueous environment.” Silica gel 60
(particle size 0.0063-0.200 mm) was used as the stationary phase
for all separations in column chromatography. NMR spectra were
recorded on Bruker Ultrashield Plus 400 AVANCE 3 and Bruker
Ultrashield 300 AVANCE 3 spectrometers using CD,Cl, as solvent at
25°C. The NMR spectra were recorded for 'H at 400.13 or
300.13 MHz and "C at 100.163 or 75.468 MHz. Chemical shifts were
recorded in ppm, using the deuterated solvent signal as an internal
reference (CD,Cl,: 0H at 5.3400 and and 6C at 53.840 ppm). Figure 8
provides the atomic numbering and positional assignment of H and
C atoms for the NMR spectra of the Synthesis section. Cyclic
voltammetry was performed in an air-tight one compartment cell
with a Pt working electrode (1.6 mm diameter from BAS), a coiled
Pt counter electrode and a coiled Ag wire as pseudo reference
electrode. Before measurements, the working electrode was
polished with 1 um and 0.25 um diamond pastes (Buehler-Wirtz).
NBu,PF¢ (0.25 mM) was used as the supporting electrolyte in THF.
Referencing was done by adding ferrocene, decamethylferrocene
(Cp*,Fe) or cobaltocenium hexafluorophosphate as an internal
standard to the analyte solution after all data of interest had been
acquired. Representative sets of scans were repeated in the
presence of the added standard. Final referencing was done against
the ferrocene/ferrocenium (Cp,Fe””) couple with E., (Cp*,Fc”™)
—540 mV vs. Cp,Fe”" and E,, (Cp,Co”)=—1330 mV vs. Cp,Fe”*
using THF/NBu,PF, as the supporting electrolyte. Voltammetric data
were acquired with a computer-controlled BASi CV50 potentiostat.
FT-IR spectra were recorded on a Thermo is 10 instrument. A

custom-built optically transparent thin layer electrolysis cell
equipped with CaF, windows, Pt mesh as working and counter
electrodes and an thin Ag sheet as the pseudo-reference electrode
following the design of Hartl and co-workers was used for
spectroelectrochemistry.?®

Density functional theory (DFT) calculations were performed on the
full model complexes using the Gaussian 09 Rev. D program
packages.” Open shell systems were calculated by the unrestricted
Kohn-Sham approach (UKS). Geometry optimization followed by
vibrational analysis was performed in solvent media. Solvent effects
were described by the polarizable continuum model (PCM) with
standard parameters for THF.E” Within Gaussian 09 calculations the
valence polarised triple-C basis sets (def2-TZVP)®" were employed
for all atoms together with the b3lyp functional.?'“*? The GaussSum
program package was used to analyze the results,®® while the
visualization of the results was performed with the Avogadro
program package.?¥ Graphical representations of molecular orbitals
were generated with the help of GNU Parallel® and plotted using
the vmd program package®® in combination with POV-Ray.?”

Crystallography

The intensity data for compounds 2a, 2b, were collected on a
Nonius KappaCCD diffractometer using graphite-monochromated
Mo-Ka. radiation (A=0.71073 A). Data were corrected for Lorentz
and polarization effects; absorption was taken into account on a
semi-empirical basis using multiple-scans.®®

The structures were solved by direct methods using SHELXS® and
refined by full-matrix least squares techniques against Fo® using
SHELXL-97.4% The hydrogen atoms of compound 2a were located
by difference Fourier synthesis and refined isotropically. The hydro-
gen atoms of all other complexes were included at calculated
positions with fixed thermal parameters.

The intensity data for compounds 2¢, 2c*(SI) and 3a were collected
on a Bruker D8 Venture kappa-geometry diffractometer, fitted with
twin 1uS sources and a Photon-100 CMOS detector, using Mo-Ka.
radiation (A=0.71073 A) and Bruker APEX3 " control software. The
data were processed using Bruker SAINT and were corrected for
absorption by the multi-scan method, and scaled using Bruker
SADABS (Bruker, 2014). The structures were solved by a dual-space
algorithm using Bruker SHELXTS and refined using Bruker SHELXTL
and SHELXL-2014/7.%" The N-H hydrogen atom positions in 2c
were refined, all other hydrogen atoms were included in calculated
positions and allowed to ride on the positions of the carbon atoms
to which they are bonded. The ADP of every hydrogen atom was
set at 1.2x (1.5x for the methyl hydrogen atoms) the equivalent
isotropic ADP of the associated carbon atom.

R=H(1a1b) R =NMe, (2a,b)
R 3 4
= —%—N/ 2 5
= 4N ) _g v
R
(2a,b - 4a,b) 3 4 Y=H(3a,b)
= Br (4a,b)
X = OEt (a)
= NMe, (b)

Figure 8. NMR positional assignments for complexes 1a-4a, 1b-4b, 2c and 2c*.
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Synthesis

Synthesis and characterisation of ethoxy- and
aminocarbene complexes of tungsten (1a-4a, 1b-4b, 2¢
and 2c*)

1a: Bromobenzene (1.65 mL, 10.0 mmol) was dissolved in 30 mL of
THF and cooled to —78°C. "BuLi (7.50 mL, 12.0 mmol) was added to
the cold solution while stirring and then [W(CO)s] (3.5249,
10.0 mmol) was added. The reaction mixture was allowed to stir for
30 minutes at —70°C followed by 30 minutes at room temperature.
The solvent was removed under vacuum and the remaining residue
was dissolved in CH,Cl,. The solution was cooled to —40°C and
Et;OBF, (1.90 g, 10.0 mmol), dissolved in CH,Cl,, was added to the
cold reaction mixture. Then it was allowed to stir for 30 minutes at
room temperature. The reaction mixture was passed through a
silica plug and the orange product was isolated using silica column
chromatography with n-hexane and CH,Cl, as solvents. Yield=
2.06 g (45.0%). C;4H;,0W. 'H NMR (CD,Cl,, 400 MHz) 6 =7.56 (d,
*Juu=8.4 Hz, 2H, H3), 7.47 (m, 2H, H4), 7.47 (m, TH, H5), 5.06 (q,
*Juw=7.1Hz, 2H, Hep), 1.71 ppm (t, *Jyy=7.1 Hz, 3H, Hey). *°C NMR
(CD,Cl,, 101 MHz) 6=320.5 (Jyc=n.0, Ce) 2044 (Jyc=n.o,
Cwicors: trans), 197.9 (Uyc=64.2 Hz, Cyycops, Cis), 155.9 (C2), 132.0 (C3),
128.5 (C4), 126.6 (C5), 81.0 (Cap) 15.2 ppm (Cey). ESI-MS (2.8,
positive mode, m/z): calcd for [M]* 458.0013; found 458.0387.

2a: The same synthesis procedure as for 1a was followed, employ-
ing  4-bromo-N,N-dimethylaniline (3.00g, 15.0 mmol), "Buli
(9.38 mL, 15.0 mmol), W(CO); (5.28 g, 15.0 mmol), Et;OBF, (2.85 g,
15.0 mmol). Yield=2.87 g (38.2%). CisH;sO,NW. '"H NMR (CD,Cl,,
400 MHz) 6 =8.03 (d, *Jy4y=9.3 Hz, 2H, H3), 6.65 (d, *J;u=9.3 Hz, 2H,
H4), 4.99 (q, *Jyy=7.0 Hz, 2H, Hgp,), 3.11 (s, 6H, NMe,), 1.64 ppm (t,
3Juu=7.0 Hz, 3H, Hgys). *C NMR (CD,Cl,, 101 MHz) 6=299.2 ("Jyc=
50.1 Hz, Ccp)r 203.8 (Uyc=60.2 Hz, Cycop trans), 199.7 (Uyc=
64.1 Hz, Cycopss Cis), 154.9 (C2), 140.9 (C5), 134.7 (C3), 110.4 (C4),
789 (Cena), 403 (NMe,), 133 ppm (Cgy3). ESI-MS (2.8 V, positive
mode, m/z): calcd for [M+H]" 502.0487; found 502.0453.

3a: The same synthesis procedure as for 1a was followed using 4-
bromotriphenylamine  (3.24g, 10.0 mmol), "BuLi (6.60 mL,
10.0 mmol), W(CO)s (3.52g, 10.0 mmol) and Et;OBF, (1.89g,
10.0 mmol). Yield=2.37 g (37.9%). CyH;s0NW. 'H NMR (CD,Cl,,
400 MHz) 6 =7.84 (d, *J,4y=9.1 Hz, 2H, H3), 6.88 (d, *J,;;=9.1 Hz, 2H,
H4), 7.38 (t, *J,y=8.0 Hz, 4H, H4), 7.21 (t, *J;,=8.0 Hz, 2H, H5'), 7.20
(d, *Jyy=8.0 Hz, 4H, H3"), 5.02 (q, *Juy=7.0 Hz, 2H, Hc,), 1.65 ppm
(t, *jpy=7.1Hz, 3H, Hgy). C NMR (CD,Cl, 101 MHz) 6=305.8
(Jwe=n.0., Ceup) 2038 (Uyc=n.0., Cycops trans), 198.6 (Uyc=
64.4 Hz, Cycops Cis), 151.5 (C2), 147.2, 1455 (C5, C2°), 132.8 (C3),
130.2, 127.0, (C3’, C4'), 125.9 (C4), 117.8 (C5'), 79.7 (Cgpp), 15.2 ppm
(Cenz)- ESI-MS (2.8V, positive mode, m/z): caled for [M-+H]"
626.0800; found 626.0856.

4a: The same synthesis procedure as for 1a was followed. Tris(4-
bromophenyl)amine (4.82 g, 10.0 mmol),  "BulLi (6.60 mL,
10.0 mmol), W(CO), (3.52 g, 10.0 mmol), Et;OBF, (1.89 g, 10.0 mmol)
provided 1.23 g (15.7%) of the product. CyH,,O¢NBr,W. 'H NMR
(CD,Cl,, 300 MHz) 0=7.80 (d, *}4y=9.0 Hz, 2H, H3), 7.47 (d, *Jy=
8.8 Hz, 4H, H3'), 7.05 (d, *J,,;,=8.8 Hz, 4H, H4), 6.94 (d, *J,;,,=9.0 Hz,
2H, H4), 5.04 (q, ¥Jyy=7.0 Hz, 2H, Hqyp,), 1.67 ppm (t, 3y =7.1 Hz,
3H, Hgys). *C NMR (CD,Cl,, 75 MHz) 6=308.4 (Jyc=n.0., Cem)
203.4 ("Jyc=n.0., Cycops trans), 197.9 (Jyc=n.0., Cycops Cis), 152.0
(C2), 147.2 (C5), 145.3 (C2'), 132.8 (C3'), 131.6 (C3), 127.6 (C4'), 119.4
(C5'), 118.4 (C4), 80.1 (Cgp) 15.2 ppm (Ces). ESI-MS (2.8 V, positive
mode, m/z): calcd for [M]* 782.8966; found 782.9845.

1b: Dimethylamine hydrochloride (1.63 g, 20.0 mmol), KOH (1.12 g,
20.0 mmol) and 1a (0.94 g, 2.1 mmol) were suspended or dissolved
in 10 mL of THF. Distilled H,O was added dropwise until the KOH

had dissolved, upon which the initially orange solution turned
bright yellow (instantaneous reaction). The THF was removed under
vacuum to form a yellow suspension in the remaining H,O. Et,0
(15 mL) was added to the reaction vessel, dissolving the yellow
product. The organic phase was isolated and washed three times
with distilled H,O saturated with NHMe,.HCl after which it was
dried over MgSO, and filtered. The bright yellow product was
isolated by column chromatography using n-hexane and CH,Cl, as
solvents. Yield=0.77g (80.2%). C,,H,;OsNW. 'H NMR (CD,Cl,,
300 MHz) 6=7.42 (dt, *Jyu=7.8, Yyy=1.7 Hz, 2H, H4), 7.18 (dt,
=78, “Jyy=1.4 Hz, 1H, H5), 6.80 (dd, *Jyy="7.8, Yy=1.2 Hz, 2H,
H3), 3.93 (s, 3H, NMe), 3.03 ppm (s, 3H, NMe). *C NMR (CD,Cl,,
75 MHz) 0 =256.7 (‘yc =46.0 Hz, Ceapp), 204.8 (e =63.5 Hz, Cyycopss
cis), 199.0 (Uye=63.7 Hz, Cycoys: trans), 153.8 (C2), 128.8 (C3), 126.6
(C5), 119.9 (C4), 44.8 ppm (NMe,).

2b: The same synthesis procedure as for 1b was followed using
NHMe,-HCl (3.26 g, 40.0 mmol), KOH (2.24 g, 40.0 mmol), 2a (2.09 g,
442 mmol). Yield=1.88g (85.1%). Cy,H,,0sN,W: 'H NMR (CDCl,,
400 MHz) 6 =6.74. (d, *Jyy=7.1, 2H, H3), 6.68 (d, *J,y=7.1 Hz, 2H,
H4), 3.89 (s, 3H, NMe), 3.04 (s, 3H, NMe), 2.96 ppm (s, 6H, NMe,). '*C
NMR (CDCl,, 50 101 MHz) 6=258.2 (C1), 205.1 (Jyc=63.6 Hz,
Cwicors: €is), 199.3 (e =63.9 Hz, Cyycqpss trans), 149.4 (C2), 143.5 (C5),
122.3, 120.7 (C3), 112.5, 111.3 (C4), 43.8-39.5 ppm (m) (NMe,).

3b: The same synthesis procedure as for 1b was followed using
NHMe,-HCl (0.33 g, 4.04 mmol), KOH (0.224g, 4.04 mmol), 3a
(0.253 g, 0.404 m 6.2 mol). Yield=0.253 g (100%). C,sH,,0sN,W. 'H
NMR (CD,Cl,, 300 MHz) =7.26 (t, *,,=8.5 Hz, 4H, H4), 7.09 (d,
*Jun=8.5 Hz, 4H, H3"), 7.06 (d, *Jy;=8.6 Hz, 2H, H3), 7.03 (t, *Jyy=
8.5 Hz, 2H, H5'), 6.70 (d, *J,,,=8.6 Hz, 2H, H4), 3.91 (s, 3H, NMe),
3.14 ppm (s, 3H, NMe). *C NMR (CD,Cl,, 75 MHz) 6 =257.2 ("Jyc=
459 Hz, Ceup) 2049 (Uyc=629Hz, Cycops trans), 199.1 (Uyc=
64.1 Hz, Cycopsr CiS), 148.8 (C2), 148.1 (C2), 146.3 (C5), 129.7 (C4),
124.6 (C3') 124.0 (C5'), 123.4, 121.2 (C3, C4), 44.9 ppm (NMe,). ESI-
MS (2.8 V, positive mode, m/z): calcd for [M+H]* 625.0960; found
625.0912.

4b: The same synthesis procedure as for 1b was followed using
NHMe,-HCl (0.49 g, 6.0 mmol), KOH (0.34 g, 6.0 mmol), 4a (0.481 g,
0.613 mmol). Yield=0.480g (100%). C,eH,s0sN,Br,W. 'H NMR
(CD,Cl,, 400 MHz) 6 =7.37 (d, */,,y=8.9 Hz, 4H, H3), 7.11 (d, *Jyy=
8.8 Hz, 2H, H3), 6.96 (d, ), =8.9 Hz, 4H, H4), 6.75 (d, *Jyy=8.8 Hz,
2H, H4), 3.93 (s, 3H, NMe), 3.16 ppm (s, 3H, NMe). *C NMR (CD,Cl,,
101 MHz) 0=256.9 (Jyc=n.0, Ccop), 204.8 (Uyc=63.0 Hz, Cyycops,
trans), 199.2 (Uyc=62.8 Hz, Cycoyss Cis), 149.9 (C2), 146.8 (C2') 145.4
(C5), 132.9 (C3'), 125.9 (C4), 125.3 (C3), 121.6 (C4), 115.9 (C5'), 54.1,
44.8 ppm (NMe,).

2c: A solution of diethyl ether was saturated with NH;, and added
to a solution of 2a (2.87 g, 5.73 mmol) in diethyl ether and allowed
to stir for 2 hours. The bright yellow product was isolated by
trituration using dichloromethane and n-hexane as solvents. The
trituration was repeated three times. Yield: 0.766 g (28.3%).
Cy4H1,05N,W. "H NMR (CDCl,, 400 MHz) 6 =8.47 (s, br, TH, NH,), 8.05
(s, br, TH, NH,), 7.50 (d, ¥Jy=9.1 Hz, 2H, H3), 6.68 (d, *J;y=9.1 Hz,
2H, H4), 3.05 ppm (s, 6H, NMe,). *C NMR (CDCl,, 101 MHz) 6 =255.3
(Cea)r 203.2 (Uyc=n.0., Cucops: Cis), 198.9, (Uyc=47.1Hz, Cycopss
trans), 152.8 (C2), 137.6 (C5), 129.0 (C3), 111.2 (C4), 40.1 ppm
(NMe,).

2¢*: p-[{n°-Me,NCH,C(OE)W(CO)s}Cr(CO),1® (0.12.g, 0.19 mmol)
was dissolved in diethyl ether. NH;-saturated ether was added to
the solution at ambient temperature until a colour change was
observed from red/brown to bright yellow. The bright yellow
product was isolated by column chromatography using n-hexane
and CH,Cl, as solvents. Yield=0.101g (87.4%). 'H NMR (CDCl,,
400 MHz) 5 =8.93 (br, s, 1H, NH,), 8.69 (brs, TH, NH,), 5.45 (d, *Jyy=
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7.2 Hz, 2H, H3), 474 (d, *Jyy=7.2 Hz, 2H, H4), 2.95 ppm (s, 6H,
NMe,). *C NMR (CDCl,, 101 MHz) 6 =261.4 (C_,,), 232.9 (Cr(CO),),
203.0 (Jyc=n.0., Cyycopss €is), 197.5, (S =47.1 Hz, Cyycops trans), n.o.
(C2, C5), 93.8, 92.1 (C3), 71.9, 70.1 (C4), 40.5, 39.1 ppm (NMe,).
Signals of the phenyl carbon atoms are duplicated due to planar
chirality.
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