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ABSTRACT

The reaction of lithiated N,N-dimethylaniline-coordinated to Cr(CQ)with W(CO) and
alkylation with [E§O][BF,] afforded theo-, m- andp-isomers of thes,n-bimetallic complexes
{n°-Me,NCgH4C(OEL)W(CO}Cr(CO); (o-, 1, mr, 2 and p-isomer, 3). A by-product of the
reaction is found by the substitution of a carbdigdnd inl by the aniline nitrogen atom to give

{n°-C,N-0-Me,NCsH4C(OEt)W(CO)}Cr(CO); (4). As a result, the W-chelate ring dominates



the HOMO rather than thgf-areneCr(CQ} fragment, affecting the site of the first oxidaii
Enhanced activation of anisole lycoordination to Cr(CQ) and subsequent reactions with
nBuLi, W(CO)% and [EtO][BFj] gave only o-substituted products {g°*-o-
MeOGsH4C(OEY)W(CO}ICr(CO)s  (5), the monocarbene chelate  fi>C,00-
MeOGH4C(OEt)W(CO)}Cr(CO)s (6) by carbonyl substitution, and by reaction of tmwolar
equivalents reagents, the uniques,n-heterotrimetallic biscarbene complex sfyf**-0,0-
MeOGsH3(C(OEt)W(CO})2}Cr(CO)s (7). Attempts to synthesise the andp-isomers ob were
unsuccesful due to transmetallation of the littdajgecursors. NMR data confirmed that
lithiation and subsequent reactionsnof or p-bromoanisol chromiumtricarbonyl afforded only
the o-isomer5 and {1°>-MeOGCsHs}Cr(CO)s. Crystal structure determinations of compleges
confirmed their molecular structures. Spectroscagata, electrochemistry studies and DFT
calculations of the complexes are reported andni With a shifting of the HOMO from the
Cr(CO) to the W(CO) chelate entities and with an unusually large dalsation of the HOMO

of the other complexes onto tircoordinated arene ligand and the carbene-bondéal atem.

1. Introduction

Activation of specific sites on aryl rings has beesynthetic challenge relevant to the fields of
medicinal and organic chemistry for many years][R2lying on directing substituents can
partially solve this problem, but poor reactivitiysmch donor-substituted arenes often limits the
efficiency of this strategy. Coordination of beneederivatives to a chromium tricarbonyl
fragment changes the electronic properties of ttenearing and influences the chemical
reactivity and selectivity of subsequent substitutreactions. For monosubstituted benzenes

coordinated to Cr(CQ) the ordering F >> OMe > NMaewith respect to their ability to direct



lithiation to theo-position has been established.[3] However, a bettelerstanding of the
regioselective activation of substituted aryl ringsoordinated to Cr(CQ) and in particular the
intricate interplay between electronic and stefffeats, remains elusive and warrants further
investigation.

The combination of two transition metals #mr-coordinated homo- and heterobimetallic
complexes with benzene linkers greatly expandssttepe of their applications in organic
synthesis.[4] The rate of insertion of palladiurtoicarbon-halogen bonds of phenyl halides, for
example, is enhanced by theircoordination to Cr(CQ) owing to the strong electron
withdrawing properties of the Cr(COJragment. This aspect has been widely exploited in
carbon-carbon coupling reactions.[5,6] In the sgat$ ofc,z-coordinated bimetallic complexes
derived from j°-arene)Cr(CQ) precursors with ring-substituted benzene rings, ftbsitioning
of the s-bonded transition metal fragments is controlledthy directing effect as well as the
electronic and steric properties of the ring suibstits and the-coordinated Cr(CQ)unit.[7-9]

Only few examples ob,n-bimetallic complexes where themetal substituent is a Fischer
transition metal carbene complex have been docwadentliterature.[10—12] This is presumably
so because both the Fischer carbene moietys({@{Q(OR)R’} and the Cr(COj entity represent
electron-withdrawing fragments that competedaiectron density from &,n-bridging benzene
linker.[13—16] The aims of the present study ayeq(ifind effective methods of synthesis for the
different isomers o6,n-bimetallic complexes oN,N-dimethylaniline and anisole-coordinated
to Cr(CO} with attached (CQW{C(OEt)}-substituents and (i) to study and furtheur
understanding of the electronic and structuraluiesst of this rare class oefrz-bimetallic carbene
complexes. The two precursors differ in that thenethylamino substituent represents the

superior electron donor while the methoxy substitieas the greaterdirecting capability.



2. Experimental

2.1 General: Syntheses of the complexes were conducted in ransghere of nitrogen or
argon using standard Schlenk techniques. Columonadiography, using Silica gel 60 (particle
size 0.0063 — 0.200 mm), was used for all separstti€HCI, was distilled over CapHwhile
THF and hexane were distilled over sodium metdloftier reagents were used as received from
commercial suppliers. NMR spectra were recorde@Cl; as solvent on a Bruker Ultrashield
300 AVANCE 3 or a Bruker Ultrashield Plus 400 AVARQ spectrometer at 298 K. The NMR
spectra were recorded f&f at 300.13 or 400.13 MHz while tH&C spectra were recorded at
75.468 or 100.163 MHz. Chemical shifts are repomegobm, using the deuterated solvent signal
as the internal reference (CRGCS *H = 7.26,5 *°C at 77.16 ppm). Infrared (IR) spectroscopy in
the carbonyl region was recorded on a Bruker ALPHAIR spectrophotometer in a NaCl cell
using hexane as solvent. Single X-ray crystallogi@gata were obtained at= 20° C on a
Siemens P4 diffractometer fitted with a Bruker TKD detector using graphite monochromated
Mo-Ka radiation by means of a combination of phi and ganecans. Cyclic voltammetry was
performed in a one-compartment cell with Pt andwiiges as counter and reference electrodes,
respectively, while a Pt electrode (1.6 cm diaméten BAS) was used as a working electrode
and CHCI; as the solvent. Before measurements, the workewrede was polished with 1 um
and 0.25um diamond pastes (Buehler-Wirtz). N (0.1 mM) was used as the supporting
electrolyte. Referencing was done with the aid wofiternal standard (ferrocene (Ep) or
decamethylferrocene (CgZc), which was added to the sample solution aftedata was
acquired. Representative sets of scans were repeatihe presence of the internal standard.

Final referencing was done against theﬂéﬁf* couple withE, (Cp*ch°’+) = -540 mVvs.



CpF€”* in the used electrolyte. Spectroelectrochemis8fQ) data were acquired with a
computer-controlled BAS potentiostat. A home-bajitically transparent thin layer electrolysis
cell equipped with CaFwindows, Pt mesh as the working and counter eldes, and thin silver
sheet as the pseudo-reference electrode followeg design of Hartl and coworkers was
used.[17] FT-IR spectra were recorded on a Thesh0 instrument. UV-Vis/NIR spectra were
obtained on a TIDAS fiber optic diode array spetieter (combined MCS UV/NIR and PGS
NIR instrumentation) from j&m. Density functiondidory (DFT) calculations were performed
on the full model complexes using the Turbomole Pprbgram package.[18] Geometry
optimizations were performed without any symmetgstraints. Within Turbomole calculations
the valence polarised tripte-basis sets (def2-TZVP)[19-21] were employed fdraabms
together with the b3-lyp[22,23] (complex&$o 4) or pbelpbe functional (complexg&s$o 7).[24]
Solvation effects were modelled by COSMO duringdp&mization process.[25]

2.2 Synthesis. {n°-Me&;NCgHs}Cr(CO)s and{n°®-MeOCgHs}Cr (CO); were synthesised

according to published methods by Mahaffy and cokexs.[26]

2.3 Synthesis of 1 and 4: 1.29 g of f1>-~Me;NCgHs}Cr(CO); (5.00 mmol) was dissolved in
10 mL of THF and lithiated with 3.13 mL o@BuLi (1.6 M) at —40 °C. After stirring at ambient
temperature for 60 minutes, the reaction mixturs waoled to —40 °C and 1.76 g of W(GO)
(5.00 mmol) was added. The reaction mixture wasaadtl to stir at ambient temperature until all
metal carbonyl had dissolved (approximately 60 rt@sl The solvent was evaporated, and the
reaction mixture was dissolved in gE,, cooled to —40 °C, and 0.95 g of {&{[BF,] (5.00
mmol) were added. After the reaction mixture redclaenbient temperature, it was passed

through a silica plug using GBI, as solvent and the solvent was evaporated. Trdupt®were



isolated by chromatography on a silica gel colusingihexane and GBI, as solvents. Yieldt
=2.13 g (66.9 %)y =0.283 g (9.3 ).

2.4 Synthesisof 2 and 3: 1.29 g of §1>-Me,NCgHs}Cr(CO)s (5.00 mmol) were dissolved in
10 mL of THF and lithiated with 3.13 mL ofBuLi (1.6 M) at —40 °C, after which it was
allowed to stir in the cold bath for 15 minutesz6L.g of W(CO} (5.00 mmol) were added to the
reaction mixture. It was allowed to stir in the cddath for 30 minutes and then at RT until all
metal carbonyl had dissolved (60 minutes). Theedlwas removeadh vacuq and the reaction
mixture was dissolved in 20 mL of GEl, and cooled to —40 °C. 0.95 g of {&{[BF,] (5.00
mmol) were dissolved in 10 mL of GAl, and added to the cold solution while stirring. ekft
allowing the reaction mixture to reach ambient temafure, it was passed through a silica plug.
The products were isolated using a silica gel colamd hexane and GEI, (12:1) as solvents.
Yield: 2= 1.68 g (52.7 %)3 = 0.549 g (17.2 %).

2.5 Synthesisof 5, 6 and 7: 1.22 g of f1>~MeOGsHs}Cr(CO)s (5.00 mmol) were dissolved
in 10 mL of THF. The reaction mixture was lithiatad—40 °C with 3.31 miBulLi (1.6 M) and
allowed to stir at ambient temperature for 60 masutl.76 g of W(CQ)(5.00 mmol) was added
to the reaction mixture at —40 °C. The reactiontarx was stirred at ambient temperature until
all metal carbonyl had dissolved (60 minutes). Bloévent was evaporated, and the reaction
mixture was dissolved in G&l, and cooled to —40 °C. 0.95 g of {&i[BF,] (5.00 mmol),
dissolved in CHCI,, were added to the cold solution. After allowirg treaction mixture to
reach ambient temperature, it was passed throwsgita plug. The products were isolated using
a silica gel column with hexane and £&Hb as solvents (12:1). Yield = 1.44 g (46.1 %)6 =

0.190 g (6.37 %)7 = 0.882 g (23.8 %).



2.6 Characterisation: The =m-coordination of m and p-bromoanisole to Cr(C®@)and
subsequent reaction witBuLi, W(CO)s and [EtO][BF4] were followed by NMR spectroscopy
andare described in the Supporting Information (SP}[2

Assignment of the NMR resonance signalsl @nd **C) follows the atomic numbering
provided in Figure 1. NMR spectra of all complexas be found as Figures S-1 to S-16 of the

Supporting Information (SI).

W(CO);
JOEt

6

R

2 3
Cr(CO);
complexes 1 - 4: R = NMe,
complexes 5 -7: R = OMe

Figure 1. NMR assignments df-7

1: CyoH150oNCrW. 'H NMR (CDCk, 300 MHz)$ 5.54 (ddd,J = 6.4, 6.1, 1.4 Hz, 1H, H5),
5.31 (d,J = 6.9 Hz, 1H, H3), 5.04 (g} = 7.1 Hz, 2H, CK{OEt)), 4.96 (dd,) = 6.4, 1.4 Hz, 1H,
H6), 4.89 (dd,]) = 6.9, 6.1 Hz, 1H, H4), 2.71 (s, 6H, NMel.78 (t,J = 7.1 Hz, 3H, CH (OEt)).
3C NMR (CDC}, 75 MHz)$ 320.4 (wc = 54.5 Hz, Gay), 234.0 (Cr(CQ)), 203.5 fwc = 56.0
Hz, W(COY);, trans) 196.6 (wc = 63.3 Hz, W(CQ) cis), 125.8 (C2), 114.9 (C1), 94.6 (C5), 91.6
(C6), 83.1 (C3), 82.2 (C4), 81.2 (QIDEL)), 43.9 (NMe), 14.5 (CH(OEt)). TOF-MS. Calcd for
C18H160sNCrW ([M—COJ): m/z609.9746. Foundn/z609.9741.

2: C19H150sNCrW. *H NMR (CDCk, 300 MHz)5 5.57 (dd,J = 7.0, 6.6 Hz, 1H, H5), 5.53 (s,
1H, H2), 5.48 (d,) = 6.6 Hz, 1H, H4), 5.08 (dd,= 7.0, 2.3 Hz, 2H, CKOE)), 5.05 (d,J = 7.0
Hz, 1H, H6), 2.97 (s, 6H, NMg 1.70 (t,J = 7.1 Hz, 3H, CHOEL)). *C NMR (CDC}, 75
MHz) & 311.0 Qwc = 53.7 Hz, Gan), 234.4 (Cr(COY), 202.4 (wc = 58.4 Hz, W(CQ) trans),

197.0 (we = 63.5 Hz, W(CQ) cis), 133.1 (C3), 115.1 (C1), 94.3 (C5), 86.3 (C4),280



(CH,(OEt)), 78.9 (C2), 75.5 (C5), 40.0 (NMe 14.9 (CH(OEt)). TOF-MS. Calcd for
C1eH160sNCIW ([M+H]*): m/z637.9739. Foundn/z637.9786.

3: CrH150sNCrW. 'H NMR (CDCh, 300 MHz)$ 6.34 (d,J = 7.7 Hz, 2H, H3 and H5), 4.93

(9,J = 7.1 Hz, 2H, CK(OEY)), 4.87 (dJ = 7.7 Hz, 2H, H2 and H6), 3.01 (s, 6H, NjJel.65 (t,
J = 7.0 Hz, 3H, CHOEY)). *C NMR (CDCk, 75 MHz) § 302.9 (wc = n.0., Gan), 231.9
(Cr(CQO)), 202.1 wc = n.o., W(COy, trans) 197.3 Qwc = 63.1 Hz, W(CQ) cis), 136.8 (C4),
105.6 (C1), 99.5 (C3 and C5), 79.2 (QBEt), 73.1 (C2 and C6), 40.0 (NMe 15.1
(CH3(OEt)). TOF-MS. Calcd for H1609NCrW ([M—H]): m/z637.9774. Foundn/z637.9769.

4: CgH150sNCrW. *H NMR (CDCk, 300 MHz)$ 5.85 (dd,J = 6.6, 0.9 Hz, 1H, H3), 5.72 (d,
J=6.5 Hz, 1H, H6), 5.54 (ddd,= 7.1, 6.6, 0.9 Hz, 1H, H4), 5.34 (db= 7.1, 6.5 Hz, 1H, H5),
5.04 — 4.89 (m, 2H, CHOEL)), 3.66 (s, 3H, NMe), 3.45 (s, 3H, NMe), 1(f0J = 7.1 Hz, 3H,
CH3(OEt)). **C NMR (CDCh, 75 MHz)5 305.2 Qwc = n.0., Gan), 230.7 (Cr(CQy), 222.2 fwc
= n.0., W(CO)), 213.1 fwc = n.0., W(CO)), 205.8 fwc = n.o., W(CO)), 203.7 fwc = n.o.,
W(CO)), 137.5 (C2), 110.4 (C3), 91.4 (C5), 90.5 (C1).584C6), 83.3 (C4), 79.5 (GKDEY)),
64.4 (NMe), 57.5 (NMe), 15.2 (GKDEt)). TOF-MS. Calcd for GH160sNCrW ([M—H]"): m/z
609.9790. Foundn/z609.9760.

5: C15H12010CrW. *H NMR (CDCk, 400 MHz)5 5.60 (ddd,) = 6.7, 6.2, 1.3 Hz, 1H, H5), 5.29
(dd,J = 6.2, 1.3 Hz, 1H, H3), 5.01 (dd= 6.2, 0.5 Hz, 1H, H6), 4.98 (dd,= 7.1, 1.1 Hz, 2H,
CH,(OEt)), 4.81 (dddJ = 6.7, 6.2, 0.8 Hz, 1H, H4), 3.72 (s, 3H, £6IMe)), 1.76 (tJ = 7.1 Hz,
3H, CH(OEL)). **C NMR (CDCh, 101 MHz)8 315.7 Qwc = n.0., Gan, 232.6 (Cr(CQy), 203.9
(Jwe = n.o., W(COy, trans), 196.6 Jwc = 64.0 Hz, W(CQ) cis), 136.6 (C1), 117.8 (C2), 94.6
(C5), 91.0 (C3), 81.6 (C4), 81.0 (IDEL)), 71.7 (C6), 55.8 (C4OMe)), 14.5 (CH(OEL)).

TOF-MS. Calcd for GgH130:1CrW ([M+H]"): m/z623.9416. Foundn/z623.9418.



6: C17H1,00CrW. 'H NMR (CDCk, 400 MHz)$ 6.27 (d,J = 6.3 Hz, 1H, H3), 5.78 (dd} =
6.8, 6.2 Hz, 1H, H5), 5.38 (d,= 6.2 Hz, 1H, H6), 5.01 (d,= 7.2 Hz, 2H, CK(OE)), 4.91 (dd,
J=6.8, 6.3 Hz, 1H, H4), 4.50 (s, 3H, gBMe)), 1.76 (tJ = 7.1 Hz, 3H, CH(OEL)).**C NMR
(CDCls, 101 MHz)$ 304.1 Qwc = n.0., Gam), 230.0 (Cr(COY), 219.7 fwc = n.o., W(CO)),
217.2 Qwc = n.o., W(CO)), 217.2 Qwc = n.o., W(CQ)), 214.2 Qwc = n.o., W(CQy), 122.7
(C1), 114.7 (C2), 93.3 (C5), 88.4 (C3), 84.8 (UBEL), 73.4 (C6), 73.4 (C4), 67.8
(CH3(OMe)), 15.3 (CH(OEL)). TOF-MS. Calcd for GH1,04CrW ([M]): m/z595.9422. Found:
m/z595.9419.

7: CaeH16016CrWs. 'H NMR (CDCh, 400 MHz)§ 5.17 (d,J = 6.2 Hz, 2H, H3), 5.11-4.93 (m,
4H, CHy(OEY)), 5.00 (dJ = 6.3 Hz, 1H, H4), 3.63 (s, 3H, G{Me)), 1.76 (tJ = 7.1 Hz, 6H,
CHy(OE)). *C NMR (CDCb, 101 MHz)5 315.4 Qwc = n.0., Gam), 232.3 (Cr(CO)), 203.5
(Jwe = n.o., W(CO), trans), 196.2 fwc = 64.0 Hz, W(CQ) cis), 128.7 (C1), 119.6 (C2), 89.3
(C3), 81.2 (CH(OEL)), 81.1 (C4), 65.0 (CiOMe)), 14.6 (CH(OEL)). TOF-MS. Calcd for

Ca6H17016CrW, ([M+H]™): m/z1005.8947. Foundn/z1005.8873.

3. Resultsand Discussion

3.1 Synthesis. High yields of §°>-RCsHs}Cr(CO)s (R = NMe, OMe) were obtained by
refluxing Cr(CO} with excessN,N-dimethylaniline or anisole in a 10:1 mixture obdiyl ether
and THF overnight.[26] Coordination &f,N-dimethylaniline required half the time than that
required for coordination of anisole presumablyaduse of the increased electron density present
on the aromatic ring of thie,N-dimethylaniline. The reaction ofif-Me,NCgHs}Cr(CO); or {n°-
MeOGsHs}Cr(CO); with one molar equivalent ofBuLi in THF at low temperature and

subsequent treatment of the reaction mixture wilC®)s and [EtO][BF,] affords the neutral



o,n-coordinated bimetallic carbene compledes shown in Schemes 1 and 2. Due to activation
of the arene ring by the Cr(COyroup, all positional isomers of the heterobinacl€r, W
complexes were obtained, albeit in different quaagiand under different reaction conditions.
Longer reaction times and higher reaction tempesatu provide selectively the
thermodynamically favoured o-ethoxycarbene complex {Wf*o-
Me,NCeH,C(OE)W(CO}Cr(CO); (1) and the W-chelate complex {@f> C,N-o-
MeNCgH4C(OEL)W(CO)}Cr(CO)s (4), where the lone pair at the nitrogen atom of Kh-
dimethylaniline substituent has replaced a carbdiggind at tungsten. In contrast, conducting
the same reaction at low temperatures (—40 °C)sléadhe formation of theneta and para

isomers ofl, complexe® and3, as the kinetically favoured produc&lieme 1).

Scheme 1. Synthesis 0&,n-bimetallic carbene complexes MfN-dimethylaniline 1-4

OEt OEt
(OC)sW (OC)W
\ iy,
/N% ,N%
Cr(CO); Cr(CO);
l/v 1 4
\
N i EtO
Cr(CO), . W(C0); | W(CO)s
/N‘ N-C O~k
Cr(CO); Cr(CO);
2 3
L (Thermodynamic reaction) 11 (Kinetic reaction)
i. nBulLi, -40°C, THF, stir 30 min i. nBulLi, -40°C, THF, stir 15 min
ii. 30°C, stir 60 min i. W(CO)g, -40°C, THF, stir 40 min
ii. W(CO)g, -40°C, THF, stir 30 min iii. [Et3O][BF,], -40°C, CH,Cl,

iv. 30°C, stir 60 min
v. [Et30][BF,], -40°C, CH.ClI,

The positional selectivity of substitution inn%arene}Cr(CO) complexes by a

deprotonation/electrophilic addition sequence igerofgoverned by contrasting kinetic and

10



thermodynamic site preferences and hence depentiseamaction conditions.[28] There is no
indication that2 or 3 are formed under thermodynamic control (conditidpswhile trace
amounts oflL and4 are observed under kinetic conditiohis,Forl, the ratio betweeth and4 is
ca 70:30 while inll, 2 and3 form in a ratio of 10:1. If less stringent reaogoconditions are
applied, all three positional isomets3 can be obtained from a single experiment6 p > 0).
By contrast, reaction of uncomplexsN-dimethylaniline withn-butyllithium results mainly in
o-lithiation.[29] n-Coordination of the benzene ring to Cr(GONcreases the acidity of all
protons on the ring markedly. Card and Trahanovsye reported that lithiation ofnf-
NMe,CgsHs}Cr(CO); and subsequent alkylation with Mel gives tihiem-, and p-isomers of the
methylN,N-dimethylaniline complex in a ratio of 30:52:18 &n{:p).[30] A ratio of 0:75:25 for
these isomers has been found in the synthesis efctirbimetallic complexes {n®™-
NMe,CgsHs(TiCp2CI)}Cr(CO)s in our laboratories after quenching with titanaeelichloride.[9]
As the much larger bulkiness of the LTl and C(OEt)W(CQ) fragments compared to a
methyl substituent is expected to dominantly affé o-position, the above results can be
deemed qualitatively in line with the results ofr€and Trahanovsky. The presence of only
trace amounts of the-substituted carbene complexeand4 observed under kinetic conditions
is thus also ascribed to steric constraints. Thecmmplexedl-3 and red-browrl were purified
by column chromatography, recrystallised from dicbinethane/hexane and are all stable in the
solid state.

Enhanced activation of anisole lycoordination to Cr(CQ)and the strong Licoordinating
properties of the methoxy substituent clearly aderrthe effect of unfavourable steric
congestion. Therefore ontycarbene products were isolatéitifeme 2) in the reactions of the

anisole complex withnBuLi, W(CO) and [EtO][BF,. The major product is {m®*-o-

11



MeOGH4C(OEt)W(CO}}Cr(CO)s (5), which slowly converts into the monocarbene tteigs
tetracarbonyl chelate {g°%C,0-0-MeOGH4C(OEt)W(CO)}Cr(CO); (6) by carbonyl
substitution.  Lithiated #{°-OMeGHs}Cr(CO); likewise affords exclusively -o-
OMeGsHsMe}Cr(CO); after work-up with Mel [32] ofp,n°*-0-OMeCsH4(TiCp.Cl)}Cr(CO)s
after metallation with Cf'iCl,.[31] The group of Ricci has recently shown thatoordination

of anisole to Cr(CQ)leads to selective>-arylation reactions, products that are otherwise
unattainable.[32]

It has previously been reported that, as a reduth® strongo-directing properties of the
methoxy substituent innf-anisole}Cr(CO), the dilithiated intermediate can be formed in
substantial amounts, even when an only slight exadgsnBuLi is used.[30] Through the

611

formation of this intermediate, the unique trinaelebiscarbene complex §m° " -0,0-

MeOGsH;3(C(OEL)W(CO})2}Cr(CO)3) (7) is formed.[7]

Scheme 2. Synthesis of the heterobi- and -trimetallic cadbenmplexe$-7 with n-coordinated

anisole
. (0C)sW OFt (OC)5 OEt (OC)sW
Meo~<__) S MeO MeO MeO—~<_ . )
Cr(CO); Cr(CO); Cr<00)3 (OC)sW Cr(co)a
i. nBuli, -40°C, THF 5 6 7
ii. W(CO)g, -40°C, THF (46%) (6.0%) (23%)

iii. [Et30][BF 4], -40°C, CHJCl,

The three products are res),(red-brown ), or purple {) in colour and can be crystallised by

layering concentrated solutions of the correspanpdoomplexes in CCl, with hexane.

12



Although the amount o that forms during a controlled reaction is relalyvsmall, the product
can be obtained in quantitative yield by UV irrddia of 5 in a hexane:THF 10:1 mixture.
Similar homodimetallic complexes  {°*C,X-0-RCsHsXC(OEt)Cr(CO)}Cr(CO);  of
chromium containing carbene-methoxy and carbenedtiyiamino chelate rings have been
reported foro-carbene complexes of anisole aigN-dimethylaniline.[33,34] In these instances,
the lone pair of the arene-bonded heteroatom gubsti coordinates to Cr(COpr W(CO),
rather than participating in-delocalization within the arene ring and stahilgithe electron-
poor Cr(COj} fragment.

It is noted here that the diversity of thg-multinuclear complexe$-7 is rare in the chemistry
of carbene complexes.[7] Fischer and co-workemistuthe synthesis of the different isomers of
mononuclear {NMegCsH,C(OMe)Cr(CO3} and {OMeGH,C(OMe)Cr(CO3} complexes. The
reaction of N,N-dimethylaniline with nBuLi, followed by Cr(COg and alkylation with
[Me30][BF4] did not afford theo-isomer and very little of thier+ andp-isomers, presumably as a
result of the quaternization of the nitrogen substit (Figure 2).[35] Theo-isomer was,
however, prepared by the same method of synthesera years later.[34] Ther and p-
isomers of anisole tungsten carbene complexes dmujorepared by lithium-bromine exchange
reactions only, while the-isomer was obtainable from deprotonation of theept arene

complex withnBuLi.[35]

W(CO)5 X = NMe,, o-isomer, 0%, (H)

m-isomer, 55%, (H)
EtO@X p-isomer, 62%, (H)
X =OMe, o-isomer, 38% (H)
m-isomer, 45% (Br)
p-isomer, 35% (Br)

Figure 2. Fischer carbene complexes of dimethylaniline ansiade reported by Fischer [35]
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All efforts to synthesise the+ or p-isomers of {pp®*-0-OMeGsH4C(OEt)W(CO}}Cr(CO)s
(5) from the correspondingn or p-substituted £°-bromoanisole}Cr(CQ) isomers were
unsuccessful. The results are ascribed to enhaacthtion of the anisole ring due t®
coordination to Cr(CQ)(see Scheme S-1 in the Supporting Information)(Shansmetallation
(halogen dancingfrom them or p- to theo-position is favoured and subsequent reactions with
W(CO) and [MeO][BF,] afford 5 as the only carbene isomer as a 1:1 mixture wibho{

OMeGsHs}Cr(CO)s (Scheme 3).

Scheme 3. Attempted synthesis ofif-m-or p-OMeCsH4C(OEt)W(CO}}Cr(CO);

W(CO)s (OC)sW
S~ i, ii,jii Br i, i, il OEt
EtO<C . ) OMe=%—<C ) OMe > OMe
Cr(CO); Cr(CO), Cr(CO);
m-, or p-isomers m-, or p-isomers 5

i. nBuLi, -40°C, THF
ii. W(CO)s, -40°C, THF
iii. [Et30][BF 4], -40°C, CH,Cl,

3.2 NMR Spectroscopy. The molecular structures of the newn-heterobimetallic
complexes in solution were verified by NMR and isestroscopy. Even though the heteroatom
substituent of the arene ring (NMar OMe) plays an important role in determining gneferred
deprotonation site, the differences between thena® shifts in the'H NMR spectra of the
remaining arene protons @fand5 as well as4 and6 show only small differences. The most

relevant observations in thel NMR spectra are the large upfield shifts of mthvan 1 ppm of
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all the ring protons because mfcoordination to the Cr(C@)ragment. Interestingly, chemical
shift of the amine methyl resonance does not cpomd with the expectations of delocalization
of the nitrogen lone pair into the arensystem, as it shifts downfield from teto them and
thep-isomer (2.711) < 2.79 @) < 3.01 @) ppm). An inversed sequence with upfield shifta0(3
(1) > 311 @) > 303 @) ppm) is observed for the carbene carbon atorheér®c NMR spectra.
Clearly, resonance stabilization between the ptnor and the tungsten carbene acceptor does
not play a role forl (Figure 3). Steric hindrance between the bulkygnleouring donor and
acceptor substituents prevents their coplanar geraent, as later confirmed by X-ray
crystallography \iide infra). On this note, free rotation of the NMsubstituent is observed for
all three isomers, such that only one methyl resoaasignal is observed in théid and*°C
NMR spectra. Due to the-disposition of the electron donating NMend electron withdrawing
tungsten carbonyl carbene fragme@t,s symmetrically polarised. The protonsto these
substituents in the arene ring differ strongly wigspect to their chemical shifts of 4.87 and 6.34

ppm, respectively, which supports such a conclusion

~% OEt

(0oc) EtO
N WOk fzv%Q N W(CO)5
Cr(CO);,OEt Cr(CO), Cr(CO);
3 1 2

'

OEt

(OC)sW-=
N

Cr(CO),
4

Figure 3. n-Resonance stabilization effects between the hatieno and the carbene substituent

in t-coordinated (arene)Cr(Ce@gomplexes of dimethylaniline
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The arene protons and resonance signals of theohtien methyl groups are strongly shifted
to lower field on coordination of the heteroatonmdepair to the W(CQ)fragment. TheN-
methyl resonances shift from 2.7HJf and 43.9¢C) in 1 to 3.66 and 3.45 ppm, or to 57.5 and
67.5 ppm ford. Note that the two methyl substituentsdofre locked in different magnetic and
electronic environments due to the formation of ¢helate ring and their positiosy( or anti)
with respect to the Cr(C@jripod, resulting in two different resonancestie ¥C and*H NMR
spectra. Similar large downfield shifts from 3.7&1&5.8 ppm to 4.50 and 67.8 ppm are noted
for the pair of complexes and6. Downfield proton shifts ofa 0.3 ppm on average for all ring
protons indicate a transfer of electron densitynftbe arene ligand to the chelate ring (Figtixe
The chemical shifts of the carbene carbon atonooiptexes4 (305.1 ppm) an@ (304.1 ppm)
are also upfield to those &f(320.4 ppm) an (315.7 ppm), indicating more electron density on
the carbene carbon atom due to chelation and tilacement of a CO ligand by the lone pair of
the heteroatom substituent. The complexes withmnsstrically substituted arene rings (all with
the exception o8B and7) display planar chirality which is manifested irsleght broadening of
the resonance signals of the arene protons andpieujuartets for the methylene resonances of

the ethoxycarbene substituents.[36,37]
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Figure4. 'H NMR spectra of the aromatic regionlbftop) and4 (bottom) in CDC} at 298 K

3.3 IR Spectroscopy. The characteristic patterns and vibration freqiesnof the bands in
the carbonyl region of their infrared spectra confthe presence of the corresponding metal-
carbonyl entities M(CQ)(n = 3, 4 and 5) in the complexes.[38] Figreshows the infrared
spectra of complexe® and4 in the carbonyl region as references while Tablerdvides a

listing of the observed CO bands along with thesignment.

Table 1. Energies and assignments of t{€0) bands (in cif) for complexesdl-7 in hexane at

298 K
Cr(CO) W(CO)
A, E AW B, A,® E
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1 1982 (s), 1906, 1896 2072 2004 (w) 1960 (m) 1952 (s),
1972 1936 (s)

2 1972 (s) 1908 (br) 2068 1984 (w) 1954 (sh) 1944 (s)

3 1968 (s) 1896 (s), 2068 1982 (w) 1948 (s) 1940 (br)

1890 (s)
5 1983 (w) 1909 (w) 2079, 20731999 (w), 1955,1918 1969  (vs),
(w) 1991 (vw) (w) 1934 (s)

7 1979 (s) 1912 (s) 2073 1989 (w) 1936 (s) 1961 (vs)
Cr(COj% W(CO),
A E A A, B, B>

4 1983 (vs) 1926 (s) 2027 1942 1916 1873

6 1983 (s), 1908 (br) 2033 (w), 1940 (w), 1919 (br) 1873 (br)
1974 (w) 2025 (vw) 1932 (w)

The two bands of &c-Cr(CO) entity, A and E, are generally found at higher and lower

wavenumbers, respectively, with respect to th& A&nd E bands of W(C@)In the case of

complexesl, 2, 3 and5, the A® and E bands of the W(COiragment overlap so that tha®

band is observed as a shoulder of the E signaltiHéoaniline-derived complexes, this shoulder

appears at the high-energy side, while it showsaupower wavenumbers for the anisole

complexes (Figures S-17 and S-18 of the SI).[39rAoands (A, A;?, B, and B) are

observed for the W(CQ@)ragment of which the 2 and B overlap with the Cr(CQ)E band

(complexedst,

6).
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Figure 5. FT-IR spectra of (top) and4 (bottom) in the carbonyl region, recorded in hexah

298 K

In the infrared spectrum @f the Cr(COj bands are very weak and poorly resolved because of
the presence of two W(C©fragments (Figure S-18, Sl). Also, the IR spectdigplays two sets
of W(CO) bands with different intensities. The duplicatiof the bands is ascribed to the
simultaneous occurrence of two different isomenenfs (Figure 6) in solution because of

hindered rotation around the arene-carbene bondsiuglication of signals is observed in the
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NMR spectra, though, even &t= 230 K, and the syn isomer is obtained in thédssilate as

indicated by X-ray diffraction studiesi@le infra).

(0C)W~CE! Eto_W(CO)s
MeO MeO
(OISO (001 O
7a 7b

Figure 6. Syn andanti-isomers proposed far

3.4 Single Crystal X-Ray Structures. Single crystals of all complexds7 were obtained by
careful layering of concentrated solutions of tleenplexes in CHCIl, with hexane and their
solid-state structures have been established lgyesanystal X-ray diffraction. Tables S-1 and S-
2 of the Sl list the most relevant bond lengthsapcdbangles and torsion angles. Experimental
details and crystal and refinement data are celttets Tables S-3 and S-4 of the SI, and the
ORTEPs of all structures are displayed in Figure8,7and 10. The Cr atoms are in a pseudo-
tetrahedral environment as is typical of three-&gfjgiano stool §°-arene}Cr(CO) complexes.
The carbonyl and carbene fragments atoms adogxjected octahedral coordination geometry

at W.
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Figure 7. ORTEPs [40] of complexe%-3. Ellipsoids are set at 50% probability and hydroge

atoms are omitted for clarity

The molecular structures of the three positional omiers of  {up®™-
NMe,CsH,C(OEL)W(CO}}Cr(CO); nicely illustrate the impact of the steric and célenic
influences of theN,N-dimethylamine donor and the carbene acceptorhdémpiisomer3, these
bulky substituents are sufficiently remote so asatlow for their more or less coplanar
arrangement with the arene plane as indicated teypianar angles of 1.8° of the hlSlane and
of 22.2° of the carbene fragment (as defined byatioens W,GarbeneCary,O) With respect to the
plane of thercoordinated arene ligand. This allows for effitiezsonance stabilization between
the p-disposed donor and acceptor substituents. The plaaarization of the nitrogen N atom
with a C-N-C angle sum of 358.7°, the relativelprstCyeneN and Grens-Cearbene bONds of
1.354(3) and 1.485(3) A and the noticeable quidoitiatortion of then®-arene ring with
opposing short sides flanked by longer C—C bon@® (Sigure 8) are clear indications of
resonance interactions betwepilisposedr-donorftacceptor substituents as is the relatively

longer GameneO bond of 1.327(4) A. Less efficient resonancéiltzation in themrisomer2 is
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then indicated by a higher degree of pyramidalmabf the N atom with the C—N—-C angle sum
of 354.0 or 354.5°, the longeragneN and GreneCearbene bONds of 1.357(5) or 1.362(5) and
1.502(5) or 1.504(5) A, and the shortes =0 bond of 1.305(4) or 1.314(4) A for the two
independent molecules of the unit cell. We als@nibé increased rotation of 8.1 or 8.9 and 27.3
or 27.5° of the amine and the carbene planes w#hact to the plane of tlecoordinated arene
ligand. As in3, the sterically demanding W(C&fragment points away from the Cr(G@ntity.
Steric congestion between the bulky neighbouringedishd W{C(OEt)(aryl)} substituents
hampers resonance interactions in thsomer 1. Both these substituents are forced out of
coplanarity with the arene ring and are rotated4ty7° for the amine and by 70.2° for the
tungsten carbene. With an angle sum of 3472.3hows the largest degree of pyramidalization of
the aryl-NMe substituent and the longest&GeN bond of 1.387(3) A of all isomers. The bond
lengths Grene-Cearbene@Nd GarbenerO 0f 1.494(3) and 1.318(2) A are nevertheless semnyjlar to

2.

MezN NMQZ

1.388\1. . 1.358
W 1.431 W 1.427
1.403 J.417
2.165\1.494 2.124\1,503
1.317, 1.310,
1.437 1.406 1.424 1416
EtO EtO

1.386

1.399

W 1423
2193\ 1485 354
-
1326/ 4 400 1418
EtO

1.399

3

Figure 8. Bond distances (A) [standard
deviations are 0.00D.004 A (W-C), and 0.0030.005 A (all other bonds)] in th¢-coordinated

arene rings and at the carbene carbons showing afeielocalization fot and2 and alternating
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long-short CCgyrene bonds of3. Bond distances shown fd& are mean values for the two

independent molecules in the structure.

Figure 9. ORTEPs [40] of compoundS and 7. Ellipsoids are set at 50% probability and
hydrogen atoms omitted for clarity. Selected boedgths [A]: W—Gab (5) 2.168(2), 7)
2.141(2), 2.144(3); &Cean (5) 1.503(3), 7) 1.504(3), 1.503(3); Gw-OEt 6) 1.316(3), 7)
1.301(3), 1.308(3) and torsion angles [°]: WalsCipse—Crn (5) 60.6(2), 7) 102.3(2), —78.2(3);

OEt—Ceartr-Cipso—Cen (5) 54.1(2), 1) 114.0(2), —76.9(3)

Owing to the presence of only one methyl substitusnthe heteroatom and less steric
hindrance, the rotation of the carbene fragmerthéanisole comple® is decreased to 59.1°

(Figure 9). As expected, the methoxy methyl growmis away from the W{C(OEt)(aryl)}
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fragment and the carbene fragment is poised aldwaitene ringanti to the Cr(COj group.
These structural features are retained in the dieteetallic biscarbene complek Increased
steric congestion, however, causes an even lasggon of the W{C(OEt)(aryl)} entities of 72.9
and 79.2° out of the plane of the attachecbordinated arene ligand. DifferentSpthe methoxy
methyl group is also forced out of the arene plané points towards the Cr(C{fyagment in
order to avoid steric hindrance with the nearbyene fragments. The.$hen=O and W—CGarbene
distances in7 of 1.301(3) and 1.308(3) or 2.142(2) and 2.1443are shorter than those of
1.316(3) or 2.168(2) A i1, indicating greater contribution of the W(G@nd OEt substituents

in stabilizing the carbene centers in the,n-trimetallic biscarbene complex.
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Figure 10. ORTEPs [40] of thec,r-coordinated bimetallic carbene complexé¢sand 6.
Ellipsoids are set at 50% probability far,m-coordinated bimetallic carbene complexes.

Hydrogen atoms omitted for clarity

Coordination of the heteroatom in thecoordinated arene rings dfand6 to W following
carbonyl substitution affords scarce examples cpf-coordinated heterobimetallic chelate
complexes. The W coordinated chelate ri@gN in 4 or C,O in 6, see Figure 10) enforces an
acute chelate bite angle at W of 75.7(for 4 and 73.7(2) for 6 and shares an arene@bond
with the n-coordinated Cr(CQ)moiety. In6, the five-membered chelate ring is nearly planar
with only a slight fold of 3.8° at the carbene Glanethoxy O atoms and the best plane through
W and the four equatorial donors forms an intergtaangle of just 5.6° with the-coordinated
arene ring. I, the five-membered ring adopts a half-chair comftron, which produces a fold
of 15.5° between the equatorial coordination plan®&/ and the arene ring at the N and carbene
C atom hinges. The methoxy methyl substituent efahisole lies in the plane of the rings, while
the two methyl groups of the dimethylaniline arekied in positions above and below the plane
of the metallacyclic ring in line with the dupligat of signals in the NMR spectra 4f On N-
coordination, the angles around N become closeiO (116.8(1y, 112.6(1}, 105.3(2} and
107.1(2Y), indicating sp hybridization. This also results in a longer Nrf distance of
1.466(3) A compared to the value of 1.388(3) ALiBy contrast, the oxygen of the anisole ring
of 6 is in a trigonal planar environment as indicatgdblond angles of 116.7(2)118.6(27,
123.8(2y and an angle sum of 359.1°.

The tecoordinated arene ligand of most complexes shoglgylat boat- (complexes, 3, 7) or

chair-like 6, 7) distortion with a fold of 3.5 to 11.2° as has he#hserved for numerous
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coordinated complexes.[8,41,42] The maximum dewmafrom planarity is observed f8 The
distance of the Cr atom to the aromatic plane scaith the electron density of the arene ring
[42] and decreases from complexe8 (1.729 to 1.738 A) to complexd&sand7 (1.707 and
1.716 A) and the methoxy chelate compbed.710 A) to the amine cheladg1.695 A).

Figure S-19 in the SI displays the orientation bé tcarbonyl tripod with respect to a
disubstituted arene ring along g-&kis perpendicular to the plane of the arene fdgpending
on the substituents, conformations are found titaereeclipse (E) ring carbons or are staggered
(S) between them. For the electron withdrawing eaebsubstituentt{acceptor), an eclipsed
conformation of theo- and p-carbons is expected while for an electron donaaingno or
methoxy substituentr{donor), theipso-carbon of the substituent and-carbons should be
eclipsed.[43,44] In agreement with these guideliies three complexed 5 and6 display E-
conformations. However, then-substituted complex2 or those compromised by bulky

substituents]( 4, 7) display S-conformations.[45]

3.5 Electrochemistry, Spectroeectrochemistry and Quantum Chemistry. Half wave
potentialsEy, for the one-electron oxidation of a large numbefnf-arene}Cr(CO) complexes
have been reported and were found to be sensitivehé electronic properties of the
substituent(s) on the arene ring.[46—49] A pronednanodic shift oE;, with an increasingly
electron withdrawing / lesser electron donatingrabir of R in ring-substituted derivativas’{
RCsHs}Cr(CO)s (R = NMe, E1,=0.117 V; R = OMekE;, = 0.323 V; R = C@Me, E;» = 0.587
V on the ferrocene/ferrocenium scale [50]) has beported by Hunter and co-workers.[47] An
intermediate value of 0.261 V was observed for twmmplex of 1,4-disubstituted-

NMe,CsH,CO,Me with one electron donating and one electron dvdtving substituent,
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showing that the effects of different substitueadd up, albeit in a non-linear fashion if stramg
donor substituents like OMe or NRre present.

Cyclic voltammograms ofi.-7 were recorded in Ci€l, with NBwPF; as the supporting
electrolyte. Table 2 lists the half wave or peakeptals of all observed processes against the
ferrocene/ferrocenium standard. Inspection of thieammmograms in Figure 11 and Figures S-20
to S-26 of the Sl reveals that all complexes unoléwgp consecutive oxidations. For complexes
1-5 the first oxidation constitutes a chemically resilele or partially reversible process (see
inserts), while it is chemically irreversible fooroplexes6 and 7. Chemically irreversible
behaviour also prevails for the second oxidationewéry complex. With the exception of
complex3 all heterodi- and -trinuclear complexes with ondveo W(CO) carbene substituents
also exhibit a reduction close to the cathodictliofithe supporting electrolyte. F8r which is
clearly the most electron-rich representative a$ teries,[47] the reduction lies outside the
breakdown limit of the solvent. Engagement of teeelbatom lone pair in metal coordination in
chelate complexed and 6 stabilises the associated radical anions and rentie reduction
partially reversible § or even chemically reversiblet)( while it constitutes a chemically

irreversible process for all other complexes.
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Figure 11. Cyclic voltammograms of complexds4 in CH,CI,/0.1 M NBwPF against the

ferrocene/ferrocenium standardvat 100 mV/s

In agreement with literature data the first oxidatof the complexe$-3 and5 can be assigned
to the {n°-arene}Cr(CO) moiety.[42,51,52] This was also confrmed by IR
spectroelectrochemistry and DFT calculations. Thus,HOMO of these complexes is strongly
biased or entirely based on thg’{arene}Cr(CO) unit (see Figure 12 and Figure S-31 of the SI).
By comparing the half-wave potentials of the thismmeric complexe4-3 we note that the-

isomer3, where the NMgdonor and the (C@W{C(OEt)(aryl)} carbene acceptor interact most
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efficiently throughreresonance, oxidises at ca. 30 mV higher potetitaai theo- andmrisomers
1 and 2. Such behaviour has been previously noted forcttreesponding isomers of other
disubstituted §°(D)CsH4(A)}Cr(CO)s complexes with one donor (D) and one acceptor (A)
substituent.[47] Replacement of the strong MM the weaker OMe donor causes the expected
anodic shift ofg;/, by 109 mV (c. f. complexes and5). Comparison of the half-wave potentials
of complexesl-3 with those of §i°1,4-NMeCgH4CO,Me}Cr(CO); (Ex, = 0.261 V) and §°-
1,3-NH,CsH4CO,Me}Cr(CO); (Ex2 = 0.254 V) denotes the tungsten carbene as aasiyil
powerful electron acceptor as the ester substituent

The second oxidation of complexe2 and5 is assigned to the expected’{\dxidation of the
arylIC(OEt)W(COy carbene entity. Thus, complexes {2-thienylC(OEQ®R®]s} and {2-
furylC(OEt)W(CO)} oxidise at an anodic peak potential of 0.728 &x97 V, respectively,
under similar conditions.[41] The irreversible retan of the present complexes agrees with the
known behaviour of othemf-arene}Cr(CO) [53-55] derivatives (c. fEy? = -1.59 V for n®-
OMeGsHsCO}Cr(CO), considering the 400 mV potential difference betwéeéhe Ag/Agl and
the Fc/F¢ scales [56]), but also with that of Fischer typebene complexes [16,57,58] (CEf’
= -1.564 V for {2-thienylC(OEt)W(CQ} and -1.645 V for {2-furylC(OEt)W(CGQ}. While this
makes ara priori assignment of the primary reduction site in thespnt complexes impossible,
our quantum chemical calculations indicate thatltbi1O of every complex is either biased
towards the {arylC(OEt)W(CQ@) entity or delocalised over the entire moleculera@hical
accounts of the relevant frontier MOs are displayedrigure 12 for complexe$-4, and in
Figure S-31 of the SI for complex&s7. We nevertheless note that substitution of the NMe
(complex1) by the OMe substituent (complé&y causes a similar anodic displacement of the

reduction potential as it was observed for the atah.
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Substitution of one carbonyl ligand at the tungstarbene by the lone pair of the heteroatom
substituent is expected to shift the oxidation pt&t of that moiety to lower values, similar to
what has been observed in metal tetracarbonyl piosgomplexes.[59,60] At the same time it
will increase the oxidation potential of the subséd {n°-arene}Cr(CO) moiety as the
heteroatom lone pair is no longer available fororesice interaction with the-coordinated
arene ligand and the previous NM& OMe donor has evolved to a net acceptor. Tingirfg
that the oxidation potential of chelate compliels by 128 mV higher than that of its precuror
matches with both expectations, thus precluding g@niori assignment of the first oxidation to
either the tungsten carbene or th§-frene}Cr(CO) unit. The first oxidation potential of the
related chelate complexis likewise shifted anodically with respect tottiha5. Although the
chemical irreversibility of this process in compléxprecludes a strict comparison of the
magnitude of the shift on chelation between thespai complexed/4 and5/6, it seems to be
rather similar in both cases. Our quantum chenue#tulations argue for a tungsten carbene-
centered process, as the HOMO of complekarsd6 is clearly dominated by that entity (Figure
12 and Figure S-31 of the SlI). This finds also supfrom our spectroelectrochemical studies
(vide infrg). CO substitution antll- or O-chelation by the heteroatom substituent also iaduc
sizable anodic shift of the reduction potentialsl aanders the immediate reduction products
chemically more stable when compared to their Wgg®@gcursors. This is only compatible with
a {n®-arene}Cr(CO}-based reduction process for both complexes arml raltches with the

results of our quantum chemical calculations.

Table 2. Oxidation and reduction half-wave or peak potésitaf complexesl-4 and5-7 in

CH,CI,/0.1 M NBuPF; against the ferrocene/ ferrocenium standard
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1%' Oxidation 29 Oxidation Reduction

Epc/ V Epal V. AE,/V[ipdipd Eip/V  ER/VY E/V
1 0.194 0.280 0.086 [0.80] 0.237  1.011 2302
2 0.185 0.274 0.089[1.00] 0.232  0.796 -1.2%42
3 0.208 0.324 0.116[0.96] 0.264  n.o. n. o.
4 0.376 0.441 0.065 [0.70] 0.355  0.737 -1.643
5 0.308 0.384 0.076[0.69] 0.346  0.904 2912
6 — 0.54%) — - 0.742 -1.781
7 - 0.518 - -~ 0.96¢ -1.95F

a) Peak potential of a chemically irreversible psx: b) Additional anodic peak at Ep = 0.727 V

LUMOs
y
2.376 eV B i
> -2490 eV ——
O -2.667 eV -2.658 eV
>
2
()
=
@
-5.442 &V
-5.555 eV -5.532eV -5.598 eV

HOMOs

Figure 12. Contour plots and energies of the calculated HOM@ LUMO orbitals of the

neutral complexe$-4
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Despite the chemical reversibility of their oneetten oxidations under the conditions of
cyclic voltammetry, radical cations of complexeg®4RCsHs}Cr(CO); have long remained
elusive due to their high inherent reactivity.[423R,61-63] This problem was ultimately solved
with the advent of supporting electrolytes withyweareakly nucleophilic BA¢ -type anions such
as B(GFs)s or B{2,5-GH3(CRs)2}. Using these electrolytes, Geiger and co-workersldc
establish that oxidation of such complexes produmesaverage-weighted shift (the doubly
degenerate asymmetric band has to be counted toficglCO) by ca. 115 cih in line with a
metal-centred oxidation of a carbonyl complex. ytaly decreased average-weighted shift of
109 cm' was noted for the {°-CsEts}Cr(CO):”"* redox couple.[61,62] Here, the combined
effects of higher electron density and steric prod® rendered the radical cation accessible even
in the presence of the conventional NBID, supporting electrolyte.[64] This is also in linéhw
quantum chemical results of such complexes, whisgiga the HOMO as primarily the Cg’d
orbital.[65]

Oxidation of complexesl, 2 and 4 proceeded smoothly inside a transparent thin-layer
electrolysis cell [17] with the 1,2-6,Cl, / NBwPF; electrolyte as indicated by the multiple
isosbestic points. Only partial conversion coulowhver, be achieved f& before the onset of
irreversible chemical changes. Graphical accouhthase experiments are compiled in Figure
13 and Figures S-27 and S-28 of the Sl while T8bémd Table S-5 of the Sl list the values of
v(CO) as extracted from digital deconvolution of thgperimental spectra (see Figures S-29 and
S-30 of the SI). For complexdsand2, one-electron oxidation causes sizable blue sbifthe
v(CO) bands of the Cr(C@)ntity with an average shift value of 64 tifor 1 and a smaller

value of 49 crit for 2. Due to only partial conversion 8fto its associated radical cation, only
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the shift of the A band from 1959 cthto 1996 crit can be safely reported:; this value is similar
to, but even smaller than that for tB@" redox pair. Quite revealingly, though, there isoaiy
minor shift of the AY, A;® and E bands of the W(COjnoiety of just about 5 ¢ which
reflects a subordinate contribution of the carbemmter to one-electron oxidation. We
nevertheless note that the CO band shifts of til€@k unit are considerably smaller than those
previously reported for parenf)§-CsHe}Cr(CO)s and its hexaethyl or a disubstituted estradiol
derivative.[61,62,64] This signals an unusuallygécontribution of therarene ligand to the
relevant redox orbital and the ability of the NM#onor and tungsten carbene “substituents” to
act as electron buffers. This notion finds supjrar our quantum chemical calculations, which
indicate non-negligible contributions of the NMsubstituents and thegydorbital of W to the
HOMO (Figures 12 and S-31 of the Sl). The lattditat is roughly coplanar to the arene plane.
Comparison of the frontier MOs of the neutral coaxgls in Figures 12 and S-31 of the SI with
those of their associated oxidised forms in Fig8€®2 and S-33 of the Sl indicate that the level
ordering of the neutral compleix3 is retained in their oxidised forms and that tpan slensity
almost exclusively resides at the Cr(G®agment.

Extensive overlap of the E band of the Cr(¢@pd the A, B, or the B bands of the
W(CO), entities preclude a meaningful assignment of evésgational band of eithet and4”.
More substantial blue shifts of the characteri#ti€’ and B bands of W(CQ)and the rather
minor shifts of the Aand E bands of Cr(C@hevertheless allow us to assign the first oxiaatio
to the {C,N-o-NMe,CsH,C(OEt)W(CO)} entity. The latter assignment is in line with ttiends
in cyclic voltammetry and is also supported by quantum chemical calculations. Thus, the
HOMO of complexesgl and6 is almost exclusively based on the tungsten casbas is the spin

density of their associated radical cations (segerés 12, and S-31 to S-33). Table S-6 provides
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computed IR peaks at unscaled energies. Experihtesas for the non-chelated complexes are
gualitatively well reproduced. In particular, thandls that can be identified as originating from
the Cr(COj} group show substantially larger blue shifts tHarse of the W(CQ@)moiety. For the

W(CO)-containing chelate complexes, no straightforwardlysis is, however, possible due to
extensive overlap of the individual bands and tha that our calculations fail to localise the

various modes at a particular M(G@ntity.

2100 2050 2000 1950 1900 1850 1800 1750
Wavenumber (cm™)

2100 2050 2000 1950 1900 1850 1800 1750
Wavenumber (cm™)
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Figure 13. IR spectroscopic changes upon the oxidation ofptexes2 and4 inside an OTTLE

cell (1,2-GH4Cly/NBusPFs, 298 K)

Table 3. v(CO) band positions (in ch) of complexesl-4 in their neutral and oxidised states in

1,2-GH4CI/NBusPFR; (0.1 M) as electrolyte at 298 K

[Cr(CO)q [W(CO)s]
A, E AW B; A,® E
1 1943(vs)  1880(br) 2072 1988(vw)  1943(vs)  1943(vs)
1 1994(s) 1950(vs) 2080 n.o. 1950(vs) 1950(vs)
2 1958(s) 1886(br) 2067 1977(w) 1932(vs)  1932(vs)
2" 1998(s) 1939(vs) 2068 n.o. 1939(vs)  1939(vs)
[Cr(CO)q] [W(CO)4]
A, E AW A, B, B>
4 1973(vs)  1915(vs) 2020 n.o. 1915(vs) 1846
4* 1973(vs)  1937(br) 2052 2009 1945 n.o.

4. Summary and Conclusion.

In this study heterobi- and -trimetallic Cr(0), W(Bischer ethoxycarbene complexes, where

one or two {C(OEt)W(CQ}-type tungsten carbenes avebonded to ag°®-RCsH4}Cr(CO); or a

{n®-RCsH3}Cr(CO); entity, were successfully synthesised from thedrresponding #°-

RGCsHs}Cr(CO)s precursorsa-Coordination to Cr(CQ)of N,N-dimethylaniline resulted in an

enhanced activation of all ring positions. Henteyas possible to isolate all three positional

isomers of the heterobimetallic carbene complekeshe mono- and biscarbene compleges
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and 7 of the n-coordinated anisole, the carbene fragments arkigxely in theo-position(s)
relative to the ring methoxy substituent. For bibino-monocarbene complexes, the lone pair of
the amine or the methoxy donor can replace a cgtdazand on the W centre to form an
annulated 5-membered chelate ring.

Through spectroscopic, structural, electrochenaoal theoretical studies it was shown that the
N,N-dimethylamine, methoxy and tungsten carbene dubstis have a marked influence on the
electron density at the-coordinated arene and hence the Crdpup. The greatet-electron
density ofN,N-dimethylaniline when compared to anisole was riacem the distances between
the center of the arene ring and the Cr atom oft{€0O) group in the solid-state structures of
the compounds as well as in their electrochemiatd.dThe position of the carbene substituent
relative to the amine substituent in tReN-dimethylaniline also has an influence. Tresomer
displays the greatest delocalization of the electome pair, followed by ther ando-isomers,
respectively. Steric crowding between the ring stients in theo-disubstituted complexeks 5,
and7 precludes efficient orbital overlap between the é&Mr the OMe donor and the tungsten
carbene acceptor. The primary oxidation sites withiese heterobi- and -trimetallic complexes
were assigned asn¥RCsH3)Cr(CO) for complexes1-3, 5 and 7, and as the §N-o-
NMe,CeH,C(OEt)W(CO)} or the {C,N-0-OMeGH,C(OEt)W(CO)} entity in chelate
complexed} and6. These assignments were derived from the trendkeatrochemical oxidation
and reduction potentials and are confirmed by qguantchemical calculations and,
experimentally, by IR spectroelectrochemistry. Astle latter we note that we successfully

generated and characterised radical cation®™ and4”.
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SYNOPSIS

Novel isomeric N,N-dimethylaniline and anisole monocarbene compleassl carbene-
heteroarene chelates;bonded to Cr(CQ) are isolated, including a unique heterotrimetalli
biscarbene complex with @,o-,Tecoordination mode of the arene ligand. HOMO |awatand
electron transfer processes are investigated threlegtrochemistry and spectroelectrochemistry
techniques and their assignment is supported by D&Culations and by comparing the

oxidation and reduction potentials of the indivibinetal entities.
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Highlights

We report the synthesis of heterobi- and heteretidthc W Fischer carbene complexes of a
6:1:1_)

(n®-RCsHs)Cr(CO); fragment with the ligand io, = (un®%) or 0,0,1 (Ua,n

coordination modes.

For R = NMe, all three different isomers of the heterobimétallr, W complexes have been

prepared under the conditions of either kinetithermodynamic control

Thermal or photochemical substitution of one CQ@iig at the carbene site grant access to

{W(CO),} carbene complexes with a chelate bonding of #tedoatom substituent

Electrochemical and IR-spectroelectrochemical swidonfirm the primary oxidation site
changes from the){-arene)Cr(CQ)fragment in the W(CQ)carbene complexes to the

carbene fragment in the W(C{helate complexes

The experimentally derived order of redox events a@nfirmed by backing quantum

chemical calculations



