ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

Zerovalent transition-metal inverse-sandwich

{ '.) Check for updates ‘
complexes of a diborataanthracene dianion

Cite this: DOI: 10.1039/d6sc02501c

Alexander Gerstner,?® Merle Arrowsmith, €22 Maximilian Dietz,2° Cornelius Mihm?3°

and Holger Braunschweig (2 *a°

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

The 9,10-dihydro-9,10-diboraanthracene (9,10-DHDBA) 2,3,6,7,9,10-Meg-9,10-DHDBA (2) reacted with 1
equiv. [(MeCN)sCr(CO)s] to yield the unsymmetrical half-sandwich complex [(n®-2)Cr(CO)s] (2-Cr), in
which the Cr(CO)z unit binds exclusively to one DHDBA benzo ring. Reactions of 2 with 2 equiv.
[(MeCN)sM(CO)s] (M = Cr, Mo, W) yielded the centrosymmetric slipped inverse-sandwich complexes [{u-
(% 1'®-2){M(CO)s}.l (2-M,), in which each M(CO)s unit binds to one of the DHDBA benzo rings, one
above and one below the DHDBA plane. The twofold reduction of 2 with Li sand afforded the
corresponding diborataanthracene (DBA) dianion, isolated as the C4B,-bound inverse-sandwich dilithio
complex [{u-(n%5%-2)}Lithf),}5] (3). The latter reacted with 2 equiv. [(MeCN)sCr(CO)s] (M = Cr, Mo) to
yield the first stable zerovalent transition-metal inverse-sandwich complexes of a [9,10-DBAJ?~ dianion,
{u-(n®m°-2HM(CO)sLi(thflslal  (3-Ma).  All
multinuclear NMR, UV-vis and IR spectroscopy, and their solid-state structures ascertained by single-

complexes new compounds were characterised by
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crystal X-ray diffraction analyses. Furthermore, DFT calculations provide insight into the electronic

DOI: 10.1039/d6sc02501c structure of the 9,10-DHDBA and [9,10-DBAI?~ fused ring systems, as well as metal-(DH)DBA bonding in
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Introduction

More than seven decades after the landmark isolations of
ferrocene, [(n°>-CsHs),Fe], and the first bis(benzene) complex,
[(n°-CeHe),Cr],* sandwich complexes (or metallocenes), in
which the metal centre is wedged between two 7 carbocycles,
have become ubiquitous in organometallic chemistry, and are
still finding new applications in small-molecule activation,*
catalysis,® materials design, and even pharmaceutical
compounds.® While sandwich complexes are now known for
nearly all the metals of the periodic table, inverse-sandwich
complexes, in which the m carbocycle is wedged between two
metal centres (Fig. 1), are less well explored. The formation of
stable inverse-sandwich complexes requires a particularly
electron-rich, often highly reduced = ligand, capable of coor-
dinating one metal centre on each side, such as the 6m-aromatic
cyclobutadiene dianion [C,H,]*",° the 8m-antiaromatic benzene
dianion [CgHg]*~,” the 10m-aromatic benzene tetraanion
[CeHg]",® or the 107-aromatic cyclooctatetraene (COT) dianion
[CsHg]>".° As metal---arene bonding in these complexes is
mostly ionic in nature, the vast majority of inverse-sandwich
complexes involve the more Lewis-acidic s- and f-block
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the chromium complexes 2-Cr, 2-Cr, and 3-Cr».

metals, kinetic stabilisation being provided by bulky ligand
spheres shielding the metal centres and the highly reactive
reduced arene.*

Excluding triple-decker complexes, in which the metal
centres are additionally sandwiched by another arene (usually
cyclopentadienyl (Cp~) or [COT]>"),** and complexes with only
partial metal---arene binding, there are only a handful of non-
d°-metal inverse-sandwich complexes. These include some B-
diketiminate-stabilised V(1), Nb(m) and Cr(i) complexes (I,
Fig. 1),"* two amidinate-chelated Cr(i) derivatives (II),"® and
a series of monovalent Cr(1), Mn() and Fe(1) terphenyl
complexes (III),** all with neutral benzene or toluene as the
n°,m°-bridging ligand. Importantly, there are no known solely
CO-bearing transition-metal (TM) inverse-sandwich complexes

= arene ligand
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Fig. 1 Examples of known non-d® TM inverse-sandwich complexes.
Dipp = 2,6-diisopropylphenyl; Tipp = 2,4,6-triisopropylphenyl; Xyl =
2,6-dimethylphenyl.
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of organic w carbocycles of the form [p-(n°n°-arene)
{TM(CO),}), as the TM(CO),, fragments are usually too electron-
rich and insufficiently stabilised by the CO ligands.

The replacement of one or more endocyclic CR units by
isoelectronic [BL] or [BR]™ units (L = neutral donor, R = anionic
substituent) results in a dramatic increase in the electron-
donating and m-acceptor ability of the resulting  boracycle
compared to its all-carbon analogue, as the incorporation of the
electropositive boron atom(s) raises the energy levels of the -
symmetry HOMOs while lowering that of the LUMO." Thus,
monoanionic boratabenzenes, [CsHs;BR]™, although isoelec-
tronic to benzene, are much stronger donors, on a par with the
Cp  ligand,*® enabling the isolation of a wide array of d- and f-
block (half)-sandwich and triple-decker complexes.’”” Whereas
benzene only forms sandwich and half-sandwich complexes
with Cr(0), Fontaine reported the formation of the Cr(CO);
boratabenzene inverse-sandwich anion IV (Fig. 2) as a byprod-
uct in the synthesis of the piano-stool complex [{n®(2-SiMe;-
CsH,BCl)}Cr(CO);].** Similarly, Herberich showed that a 4r-
antiaromatic borole enables the isolation of the Mn(CO);
inverse-sandwich complex V.* Finally, borole dianions have
been shown to be able to displace isoelectronic Cp~ ligands,*
thus confirming their stronger donor ability.

The incorporation of two boron atoms into aromatic scaf-
folds generates even more powerful m ligands. Thus, we have
shown that a neutral cyclic alkyl(amino)carbene (CAAC)-
stabilised 1,4-diborabenzene (1,4-DBB) ligand is capable of
stabilising zerovalent half-sandwich complexes of groups 6 (VI-
M, M = Cr, Mo, W),** 8 (M(CO),, M = Fe, Ru),”®> and 10
(M(CO), M = Ni).*® Similarly, neutral diboraacenes like an N-
heterocyclic carbene (NHC)-stabilised 2,3-diboranaphthalene
and a CAAC-stabilised 9,10-diboraanthracene (9,10-DBA) have
enabled the isolation of the zerovalent group 6 half-sandwich
complexes VII-M and VIII-M (M = Cr, Mo, W), respectively.>***
However, no inverse-sandwich formation has ever been
observed with these neutral diboraacenes. Our attention
therefore turned to dianionic diboraacenes, which are obtained
by the twofold reduction of neutral dihydrodiboraacene
precursors,*® and are known to form sandwich and triple-decker
complexes with a small number of d- and f-block metals.””
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Herein, we report the synthesis of the mono- and bimetallic
zerovalent group 6 complexes of a neutral 9,10-dihydro-9,10-
diboraanthracene (9,10-DHDBA) and the first TM inverse-
sandwich complexes of its 9,10-diborataanthracene dianion
([9,10-DBA]*).

Results and discussion
Synthesis of (DH)DBA group 6 complexes

The dibromo precursor 1 was synthesised in a manner analo-
gous to its non-methylated analogue® by heating a 1:2.2
mixture of 1,2-bis(trimethylsilyl)-4,5-dimethylbenzene and BBr;
in hexane in a sealed thick-walled flask at 120 °C for 3 days
(Scheme 1a).t Subsequent methylation with MeMgBr yielded
2,3,6,7,9,10-Meg-9,10-DHDBA (2) in near-quantitative yield
(Scheme 1b). The "B NMR shifts in C¢Dg of 1 and 2 at 62.5 and
67.2 ppm, respectively, as well as their structural parameters
(see Fig. S61 and S62 in the SI) are in agreement with those
reported for their non-methylated analogues.”®* It is note-
worthy that in THF, the "B NMR resonance of compound 2 is
upfield-shifted to 58.3 ppm, presumably owing to slow revers-
ible THF coordination to the Lewis-acidic boron centres on the
NMR timescale.

The cyclovoltammogram of 2 in THF shows a reversible
reduction wave at E;, = —2.06 V and an irreversible one at Ep. =
—2.71 V (see Fig. S61 in the SI). The chemical two-electron
reduction of 2 with a large excess of lithium sand in ds-THF
resulted in an instant colour change to pink, then dark red, and
the appearance of a new broad *'B NMR resonance at 22.0 ppm,
identical to that of the parent [9,10-DBA]*~ and the [9,10-Me,-
9,10-DBAJ*~ dilithio complexes (Scheme 1c).?** The UV-vis
spectrum of 3 in THF shows a major absorption at 436 nm
with a shoulder at 415 nm, as well as two very broad, low-
intensity bands, overlapping in the 500-600 nm region
(Fig. 3c). These are slightly red-shifted compared to those of the
parent [9,10-DBA][Li(thf),], complex (An.x = 420 nm, A, =
400 nm, A3 = 500 nm).>** While single crystals of complex 3
suitable for X-ray diffraction analysis could be isolated (see X-
ray crystallographic analyses), the compound was not indefi-
nitely stable in the solid state.

The 1: 1 reaction of [(MeCN);Cr(CO);] and 2 in THF at rt led
to the formation of the monometallic half-sandwich complex 2-

IqSlMea a) 2.2 equiv BBry )@ I@(
SiMe; hexane, 120 °C

3 days

Br 1(51%)
b) 2.05 equiv | toluene, -78 °C
MeMgBr in Et,O | tort, 16 h
thf:
\L —thf |
Gﬁ c) 20 equiv Li :@Bji@i
-~ THF, rt, 1h
thf/L'\

2 (97%)
3 (quantitative in situ)

Scheme 1 Synthesis and two-electron-reduction of 2.
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Fig. 3 (a—c) Overlays of the UV-vis spectra of the DHDBA and DBA metal complexes presented herein.

Cr, isolated as a red crystalline solid in 72% yield (Scheme 2a).
In dg-THF the broad "B NMR resonance of 2-Cr at 46.3 ppm is
significantly upfield-shifted compared to that of 2 (6115 = 58.3
ppm). In benzene, however, in which 2-Cr is only poorly soluble,
its "B NMR resonance shifts back downfield to 64.9 ppm,
6 ppm upfield of the known unsymmetrical Cr(CO); complex of
9,10-Me,-9,10-DHDBA (é1p = 71 ppm in C¢Dg).** The larger
upfield-shift of the "B NMR resonance of 2-Cr upon switching
from benzene to THF (Aé = —19 ppm) compared to 2 (Adé = —9
ppm) suggests that the boron centres in 2-Cr bind THF more
strongly and are therefore more Lewis-acidic.

In the "H NMR spectrum, two 2H singlets for the benzo
protons, one of which is upfield-shifted to 5.83 ppm due to
chromium coordination, reflect the unsymmetrical nature of 2-
Cr. The "C{'H} NMR spectrum shows a single CO resonance at
234.5 ppm, ca. 22 ppm downfield-shifted from those of its 9,10-
Me,-DHDBA analogue (01c = 212.8, 212.2 ppm),** indicating
that the Cr(CO); moiety rotates freely in solution. It is note-
worthy that the coordination to the 9,10-DHDBA benzo ring is
unique to the group 6 metals, as all other low-valent TMs (Fe°,
Ru’, Co', Rh', Ni°, Pd°, Pt°) preferentially coordinate to the
central 1,4-dibora-2,5-cyclohexadiene ring.*"**

The addition of a further equivalent of [(MeCN);Cr(CO);] to
2-Cr yielded the centrosymmetric slipped inverse-sandwich
complex 2-Cr,, isolated as a red crystalline solid in 79% yield
(Scheme 2b). The coordination of the second Cr(CO); unit
results in a small downfield shift of the "B NMR resonance to
49.1 ppm (THF). A single upfield-shifted benzo singlet (4H) at
5.86 ppm confirms the symmetrical nature of the complex. 2-Cr,
could also be obtained directly from the 2:1 reaction of

| %
a) 1.0 equiv OC_Qr‘CO 2-Cr (72%)

E‘S THF, rt, 16 h ‘BQ

2 b) 1.1 equiv.
[(MeCN);Cr(CO)3] THF, 11, 16 h
oc 2-Cr, (b) 79%)
oCmj C0 (c) 71%)
i 2-Mo, (44%
¢) 2.1 equiv [(MeCN)3M(CO)3] @—B/ 2-W:2(€(34%;)
hexane, 100 °C 4B
M=Cr, 16 h Mo
M = Mo, W OoC™ ',
o, W, 5d to

Scheme 2 Synthesis of mono- and bimetallic group 6 complexes of 2.
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[(MeCN);Cr(CO);] and 2 in hexane at 100 °C in a pressurised
Schlenk flask (Scheme 2c). Attempted 1:1 reactions of the
heavier group 6 precursors [(MeCN);M(CO);] (M = Mo, W) and 2
did not afford the corresponding mononuclear complexes 2-M
but only a 1:1 mixture of bimetallic 2-M, and unreacted 2, as
determined by NMR spectroscopy. These could be accessed
selectively by 2: 1 reactions in hexane at 100 °C in pressurised
Schlenk flasks, yielding 2-Mo, and 2-W,, as red crystalline solids
in moderate yields of 44% and 64%, respectively (Scheme 2c).
Both show an ''B NMR resonance around 45 ppm, upfield-
shifted from that of 2-Cr, (415 = 49.1 ppm). The *C NMR CO
resonance of 2-M, experiences a marked upfield shift upon
moving down group 6 (d1¢c = 234.6 (2-Cr,), 221.8 (2-Mo,), 212.4
(2-W,) ppm), with similar chemical shifts to those observed in
the [(n°-mesitylene)M(CO);] series.*® The solid-state IR spectra
of 2-M, all display a sharp C=0 stretching band around 1936-
1944 cm ™' and a very broad unresolved band covering the 1800~
1875 cm™ ' range. Both are shifted to slightly lower wave-
numbers compared to the parent benzene complexes [(7°-C¢Hp)
M(CO);] (#(C=O)olig-state = 1965-1971, 1845-1875 cm 1),
indicating slightly weaker C-O bonds. This suggests that the
benzo rings of the 9,10-DHDBA ligand are slightly better overall
donors than benzene.

All four 9,10-DHDBA complexes are red. The UV-vis spectra
of 2-Cr and 2-M, (M = Cr, Mo, W) all show an absorption
maximum around A, = 330-350 nm, as well as two very broad,
overlapping, medium-intensity bands in the A, = 415-430 nm
and A; = 470-500 nm regions, the latter accounting for their red
colour. Comparison of the mono- and bimetallic complexes 2-
Cr (A = 333, 423, 481 nm) and 2-Cr, (A = 349, 431, 497 nm)
shows a small redshift for all three bands in the latter (Fig. 3a).
Comparison of the three 2-M, complexes (Fig. 3b), shows
a small blueshift upon moving from 2-Cr, (A = 349, 431, 497
nm) to 2-Mo, (A = 336, 417, 464 nm), and a very minor redshift
of 1, and A; upon moving from 2-Mo, to 2-W, (1 = 334, 422, 469
nm).

Siebert reported that the reduction of his 9,10-Me,-9,10-
DHDBA analogue of 2-Cr with potassium did not lead to the
desired shift of the Cr(CO); unit to the central C,B, ring but
rather to decomposition.** We therefore decided to attempt the
synthesis of inverse-sandwich complexes starting from the
already doubly reduced complex 3. The addition of 2 equiv.
[(MeCN);Cr(CO);] (M = Cr, Mo, W) to a freshly prepared THF
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(thf)sLi--5c complexes beyond the alkali metals are the dilanthanide triple-
2 equiv OCAT\A/CO 3-Cry (14%) decker complexes recently reported by Morena-Pineda and
3 [(MeCN);M(CO)3] @' ~  3-Mo, (29%) Roesky.2”?
(freshly prepared —————————> CS 11 .
in THF) THF, rt, 5 min ,B.—Q The "B NMR resonance of 3-Cr, and 3-Mo, at ca. 12 ppm is

M
oc” ~co.
5 "CO~~_ | iih),

Scheme 3 Synthesis of zerovalent
complexes of 3.

inverse-sandwich group 6

solution of 3 at rt led to the instant formation of dark suspen-
sions. The "'B NMR spectra of the reaction mixture showed the
formation of several unidentified sp>-boron-containing species,
as well as a broad resonance at 12 ppm, present in the Cr- and
Mo-based reactions, but not in the W-based one. After filtration,
removal of the solvent and washing of the solid residues with
various solvents, 3-Cr, and 3-Mo, were isolated as orange and
yellow solids, respectively, in rather poor yields of 14% and
29%, respectively (Scheme 3). It is noteworthy that once formed,
3-Cr, and 3-Mo, were indefinitely stable in solution at rt. In the
case of the W-based reaction, no equivalent 3-W, complex was
observed, and no other product could be identified. Carrying
out the reactions at —78 °C yielded no improvement in their
selectivity. To our knowledge, these are the first examples of
TM inverse-sandwich complexes of a di-
borataanthracene ligand. The only other known [9,10-DBA]*~

zerovalent

10 ppm upfield-shifted compared to 3 (6ug = 22 ppm), indi-
cating a significant increase in electron density at the boron
centres from interaction with the electron-rich Cr(0) centres (see
DFT calculations). The centrosymmetric nature of 3-M, was
attested by the single 'H NMR benzo singlet (4H) at 7.45 ppm. In
solution the Cr(CO); units rotate freely and the [Li(thf);]" units
fluctuate between all three CO ligands on the NMR timescale, as
only one *C NMR carbonyl resonance is observed (du¢ = 242.0
(3-Cr,), 234.6 (3-Mo,) ppm). The solid-state IR spectra reflect the
presence of the Li-bound CO ligands through a series of
stretching bands spanning the 1711-1935 cm™ " region, with the
bands above 1850 em ™" pertaining to the terminal CO ligands
and those below 1800 cm ™" to those of the weaker Li-bound
C=0 bonds. As expected from the differences in colour, the
UV-vis spectra of 3-M, (M = Cr, orange; M = Mo, yellow) differ
greatly from that of their precursor 3 (red). Thus, 3-M, show
only low-intensity absorptions around 440 nm, where 3 displays
its Amax, and lack any bands in the 500-600 nm region (Fig. 3c).
Both their absorption maxima (3-Cr, A = 308, 418 nm; 3-Mo, A =
296, 344 nm) are significantly blueshifted from those of 2-M,.
Furthermore, a blueshift is observed upon moving from 3-Cr, to
the heavier 3-Mo,, as already noted between 2-Cr, and 2-Mo,.

Table 1 B NMR shifts (ppm) in dg-THF, and selected bond distances (A) and torsion angles (°) of the crystallographically characterised

compounds presented herein a/d',b/b',c/c,d/d ,e/e =

avg. edge length (see edge labels below); M---DBA = avg. distance between the

metal centre and the mean plane of the ring it coordinates to; M-C,/, = avg. distance between the metal centre and the carbon atoms of the
e/e’ (and d/d') edges of the ring it coordinates to; M—CO = avg. metal — carbonyl bond lengths; C—O = avg. carbonyl C—O bond lengths;
|wmax| = absolute value of the largest endocyclic torsion angle of the central B,C,4 ring; ¢ = angle between the mean planes of the benzo and

C4B> rings
e cba B:, bing ) tocrg%n F(E\ rr;ean @BBD M;DBA /I\EA\:\
labels prane 2, M—Cq =g B@
L B angles B angles /O(p—y M—C, B
YBNMR a/d e/é b/b c/c djd M-DBA M-C;, M-CO (=) |wmax]  @l9’
2 58.3 1.565(2) 1.419(2) 1.404(2) 1.395(2) 1.401(2) — — — — 10.6(2) ca. 4.0
3 22.0 1.531(3) 1.472(3) 1.438(3) 1.370(3) 1.441(3) ca 1.87  2.385(4)° — — 1.1(3) ca. 0.9
2Cr  46.3 1.573(4)*  1.433(4)" 1.434(4)" 1.406(4)° 1.427(4)* ca 1.72  2.193(3)° 1.847(3)  1.156(4) 8.4(4) ca. 5.2°
1.557(4)" 1.421(4)" 1.400(4)" 1.396(4)" 1.392(4) 2.263(3)7 ca. 5.0
2-Cr,  49.1 1.559(3) 1.451(3) 1.415(3) 1.421(3) 1.405(3) «ca 1.71  2.201(2)° 1.853(3)  1.151(3)  2.5(3) ca. 9.3
2.263(2)"
2-Mo, 45.0 1.562(4)  1.450(4) 1.428(4) 1.403(4) 1.434(4) ca 1.88  2.316(3)° 1.984(3)  1.147(4)  6.3(4) ca 9.4
2.400(3)*
2W, 444 1.560(7)  1.444(6) 1.425(7) 1.415(7) 1.423(7) ca 1.87  2.311(2)° 1.964(7)  1.144(9)  8.9(6) ca. 11.8
2.390(6)°
3-Cr,’ 119 1.551(3) 1.457(2) 1.449(3) 1.355(3) 1.449(2) ca. 1.78 2.287(2) 1.816(2f  1.173(3F¥  2.0(2) ca. 2.3
2.369(2) 1.779(2)"  1.191(3)" ca. 0.8
3-Mo,* 12.0 1.557(9)  1.463(8)  1.448(9) 1.357(9) 1.443(9) ca. 1.95  2.424(6) 1.931(7F  1.173(9¥ 1.6(8) ca. 2.2
2.500(6) 1.889(10)" 1.197(10)" ca. 0.7

“ Within the metal-containing complex moiety. ” within the metal-free complex moiety. © M—C, /e 1M-C, /4 - © values provided for both molecules
present in the asymmetric unit./ different avg. values measured for the e and ¢’ edge. ¢ for terminal CO ligands. " for Li-bound CO ligands.

Chem. Sci. © 2026 The Author(s). Published by the Royal Society of Chemistry
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X-ray crystallographic analyses

Compound 2. The central 1,4-dibora-2,5-cyclohexadiene ring
of 2 is slightly bent along the B---B axis (ca. 7.8°, see Fig. S63 in
the SI). The endocyclic B-C bond lengths (avg. 1.565(2) A) are
typical for single bonds at sp>-hybridised boron. The C-C bonds
of the outer b, ¢ and d edges (see edges labelling in Table 1)
show a relatively low degree of bond alternation (1.393(2)-
1.406(2) A), with the ring junctions e being slightly elongated
(1.419(2) A), indicating good 7 delocalisation over the benzo
rings (see DFT calculations). Overall, these structural parame-
ters are similar to those of the analogous 9,10-Me,-9,10-
DHDBA.*®

Complexes 2-M,,. Complexes 2-Cr and 2-M, (M = Cr, Mo, W)
all provided red single crystals suitable for SCXRD analyses. The
solid-state structure of 2-Cr shows a single Cr(CO); fragment 7°-
coordinated to one of the benzo rings (Cr---C¢ 1.72 A, Fig. 4,
Table 1). In a similar manner, Cr(CO); also coordinates to the
outer ring of anthracene.** Metal coordination results in a small
but significant (ca. 0.04 A) lengthening of the » and d edges
compared to the uncoordinated benzo ring. It is noteworthy
that the Cr(CO); is not centrally positioned above the benzo
ring, but somewhat closer to the e than to the d edge (avg. Cr-C,
2.193(3) A; avg. Cr-C; 2.263(3) A, see explanation in DFT
calculations). The Cr(CO); fragment is staggered with respect to
the benzo ring, one CO ligand pointing towards the d edge. The
Cr-Cco (1.843(3)-1.849(3) A) and C-O (1.153(4)-1.157(4) A)
bond lengths show less variation than in the isostructural [(5°-
anthracene)Cr(CO);] complex (Cr-C 1.812(10)-1.834(10) A; C-O
(1.142(10)-1.184(12) A).»

In contrast to 2-Cr, the three bimetallic complexes 2-M, are
centrosymmetric, with one M(CO); fragment 7°-coordinated to
each benzo ring, one above and one below the 9,10-DHDBA

2-Cr

2-C ry
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plane, in what may be called a slipped inverse-sandwich coor-
dination mode (Fig. 4 and Table 1, see Fig. S68 in the SI for 2-
W,). Whereas the central C,B, ring in 2-Cr, is virtually planar
(|wmad = 2.5(3)°), it is slightly twisted in the two heavier
analogues (2-Mo, 6.3(4)°, 2-W, 8.9(6)°). Furthermore, all three
complexes display a significant bend in the overall 9,10-DHDBA
framework, the angle ¢ formed by the Cs and C,B, mean planes
ranging from 9.3° to 11.8°. The endocyclic C-C and B-C bond
lengths of all three dinuclear complexes are similar within the
error of the measurement. The M---Cq distance increases
significantly from 2-Cr, (ca. 1.71 A) to 2-Mo, (ca. 1.88 A) but
shows no further increase for 2-W, (ca. 1.87 A). This is in line
with the much lower difference between the hexacoordinate
metallic radii of W and Mo, than of Mo and Cr (Cr 1.285, Mo
1.402, W 1.410 13),36 owed to the f-orbital contraction in W.
These M---Cg¢ distances are all slightly shorter than those found
in the [(n°-CsHe)M(CO)s] series (Cr 1.72, Mo 1.91, W 1.90 A),%
suggesting stronger metal---arene bonding. Complexes 2-M,
display the same slightly unsymmetrical positioning of the
metal centres above the Cg rings as 2-Cr, the M-C,; bonds being
ca. 3% longer than the M-C, bonds, owing to the influence of
the fused electron-poor C;B, ring (see DFT calculations).
Whereas the M(CO); fragments in 2-Cr, are staggered with
respect to the benzo rings, this time with one CO ligand each
pointing towards the central C,B, ring, those in 2-Mo, and 2-W,
are nearly eclipsed. These conformational differences may be at
the origin of the differing degrees of distortion from planarity
observed in their C,B, rings (vide supra). Finally, the C-O bond
lengths of all three complexes are statistically similar, in line
with their very similar IR C-O stretching bands (vide supra).
Complex 3. While complex 3 was too sensitive to be isolated
in bulk, recrystallisation by diffusion of hexane into a saturated

Fig. 4 Crystallographically determined solid-state structures of 2-Cr, 2-Cr, and 2-Mo,. Top: views from above the DHDBA plane, highlighting
the various conformations of the M(CO)s moieties with respect to the DHDBA framework and to each other. Below: truncated views (methy!l
groups omitted) along the B---B axis, highlighting the bend in the DHDBA framework. Thermal displacement ellipsoids set at 50% probability.

Hydrogen atoms omitted for clarity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Left: crystallographically determined solid-state structure of 3.
Right: truncated view of 3 (methyl groups and THF ligands omitted)
along the B---B axis, highlighting the planarity of the DBA framework.
Thermal displacement ellipsoids set at 50% probability. Hydrogen
atoms omitted for clarity.

THF solution at —30 °C yielded red crystals suitable for SCXRD
analysis. The solid-state structure of 3 is centrosymmetric and
shows an inverse-sandwich complex, with the lithium cations
sitting atop and below the centre of the central B,C, ring (Li--
B,C, ca. 1.87 A), each coordinated by two THF molecules (Fig. 5
and Table 1). The aromatisation of the B,C, ring is seen in the
shortening of its endocyclic B-C bonds (3 1.531(3); 2 1.565(2) A),
the substantial lengthening of its C-C bonds (3 1.472(3); 2
1.419(2) A), and its higher degree of planarity compared to 2
(|omaxl: 3 1.1(3); 2 10.6(2)°). Conversely, the fused benzo rings
become less aromatic, now approaching alternating C-C single
(1.438(3), 1.441(3) A) and double (1.370(3) A) bonds. Further-
more, the entire DBA framework is now virtually planar (¢ < 1°).
These bonding parameters are similar to those found in other
inverse-sandwich [9,10-DBA]Li, complexes.?**3*

Complexes 3-M,. 3-Cr, and 3-Mo, are isomorphous, crystal-
lising in the P24/c space group with near-identical cell param-
eters (a = 42.0 A, b = 10.4 A, ¢ = 24.0 A, § = 105°). Their
asymmetric units contain two crystallographically distinct
molecules of 3-M,. In each, two M(CO); fragments are °-bound
to the central 1,4-DBB ring, while the Li(thf); cations coordinate
to one of their CO ligands via Li-O linkages (Fig. 6 and Table 1,
for 3-Mo, see Fig. S70 in the SI. Similarly to 3, the entire [9,10-
DBA]*~ framework is quasi-planar (jomay] = 2.3(9)°, ¢ =< 2.2°).
The endocyclic B-C and C-C bond lengths in 3-Cr,, 3-Mo, are
similar within the error of the measurements. Compared to the
related neutral diboraacene complexes VI-M and VIII-M,*"*® or
Roesky's [9,10-DBA]Ln, triple-decker complexes,*”” the endo-
cyclic B-C bond lengths in 3-M, are slightly longer (ca. 1.55 vs.
1.53 A), suggesting a slightly lower degree of 7 conjugation
within the C,B, ring. The Cr---C,B, distances in 3-M, (3-Cr, ca.
1.78 A, 3-Mo, ca. 1.95 A) are shorter than in the corresponding
neutral half-sandwich complexes VIII-M (ca. 1.80 A). In both
complexes, the M(CO); units are staggered with respect to the
C4B, rings but eclipsed with respect to each other. One of the Li"
cations coordinates to a CO pointing across one a edge, while
the other links to the CO pointing across the e edge, creating an
asymmetry between the two sides of the DBA framework. This
results in the two metal centres being shifted slightly off-centre,
ca. 3% closer to C3-C4 than to the C1-C2 bond. Whereas the
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Fig. 6 Top: crystallographically determined solid-state structure of 3-
Cr,. Bottom left: view of 3-Cr, (THF ligands omitted) from above the
DBA plane, highlighting the eclipsed conformation of the Cr(CO)s
moieties. Bottom right: truncated view of 3-Cr, along the B---B axis
(methyl groups and THF omitted), highlighting the planarity of the DBA
framework. Thermal displacement ellipsoids set at 50% probability.
Hydrogen atoms omitted for clarity.

terminal CO ligands all show similar C-O bond lengths (avg.
1.173(9) A), the Li-bound ones are slightly elongated (avg.
1.194(10) A), resulting in the lower wavenumber set of stretch-
ing bands observed in the solid-state IR spectra (vide supra).

DFT calculations

Compounds 2 and its dianion. In order to quantify the
aromaticity changes upon twofold reduction of 2, nucleus-
independent chemical shift (NICS)* calculations were carried
out at the B3LYP-D4-def2-SVP level of theory on the structures of
2 and its naked dianion [2]*~ (without the Li(thf), moieties)
optimised at the wB97X-D4-def2-SVP level of theory (see details
in the SI). Benzene, with a highly negative NICS(+1),, value of
—29.1 ppm was used as a reference (Table 2).

For the two benzo rings the aromaticity decreases slightly
upon reduction to the dianion, as seen in their slightly less
negative NICS(+1),, value (2 -20.5 ppm; [2]>” —17.5 ppm). In
contrast, the central C,B, ring switches from antiaromatic in 2,
with an average positive NICS(+1),, value of +16.6 ppm, to
highly aromatic in [2]*~, with a NICS(+1),, value of —32.3 ppm,
more negative than that of benzene. It is noteworthy that in
compound 2 the substantial difference between the NICS(—1),,
(19.7 ppm) and NICS(+1),, (13.0 ppm) values of the C,B, ring is
owed to its slightly bent geometry (see X-ray crystallographic
analyses). For [2]>~ the NICS(—1),, and NICS(+1),, values are
identical within the error of the calculation, in line with the
planarisation of the C,B, ring upon twofold reduction. For
comparison, the central ring of the literature-known [9,10-Mes,-
9,10-DBAJ*~ dianion (Mes = 2,4,6-trimethylphenyl), for which
only the NICS(0) and NICS(1) values are reported, (—9.0/—13.1

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 NICS(0), NICS(1) and NICS(+1),, (average of NICS(1),, and NICS(—1),,) values (ppm) and C-C/C—-B WBIs calculated at the B3LYP-D4-

def2-SVP//wB97X-D4-def2-SVP level of theory

C,4B, ring Ce rings

NICS WBI NICS WBI

(0/1) (£1),, a e (0/1) (£1),, b c d
CeHg — — — — —8.9/—11.0 —29.1 1.41
2 10.3/2.4 19.7, 13.0¢ 1.06 1.33 —4.8/—8.8 —20.5 1.33 1.39 1.39
21> —8.2/-11.4 —32.2 1.33 1.21 —4.6/-7.4 -17.5 1.16 1.53 1.20

¢ The slight bend in the C4B, ring results in different NICS(1),, and NICS(—1),, values.

2SI

HOMO (2.79 eV) HOMO-1 (-0.47 eV) HOMO-4 (-1.96 eV)

Fig.7 Plots of the frontier MOs of [2]2~ involving T delocalisation over
the C4B; ring, energy levels in parentheses. Isovalues: 0.04.

ppm),* is slightly more aromatic than that of [2]*~ (—8.2/—11.4
ppm). Moreover, the aromatisation of the C,B, ring is also
visible in its B-C Wiberg bond indices (WBIs), which increase
from 1.06 in 2 (single bonds) to 1.33 in [2]*>~ (partial double
bonds), concomitant with a slight decrease in its C-C WBISs,
from 1.33 to 1.21, respectively (Table 2).** At the same time the
benzo rings lose some of their aromatic character, as seen in the
wider range of C-C WBIs ([2]*~ 1.16-1.53, 2 1.33-1.39).

The aromatisation of the C,;B, ring is also apparent in the
frontier MOs. Whereas the m-symmetry HOMOs of 2 are all
delocalised over the two benzo rings, the HOMO (which corre-
sponds to the LUMO of 2), HOMO—1, and HOMO—4 of [2]*~
show T delocalisation over the 1,4-diboratabenzene ring akin to
that of benzene (Fig. 7).

Compounds 2-Cr and 2-Cr,. Attempts to optimise 2-Cr and 2-
Cr, to the geometries observed in the solid state revealed that
the various orientations of the Cr(CO); unit(s) with respect to
9,10-DHDBA framework are very close in energy (<1 kcal mol ™)
and display very low rotation barriers (<1 keal mol™", see
Fig. S75 in the SI). This explains the variety of conformations
observed for 2-Cr and 2-M, (M = Cr, Mo, W) in the SCXRD-
derived solid-state structures (Fig. 4). Furthermore, calcula-
tions show that the putative 7°-C,B, isomer of 2-Cr, complex 2'-
Cr (see Fig. S72 in the SI), is 22 kcal mol " higher in energy than
2-Cr, thus reflecting the exclusive preference of Cr for 7°-benzo
complexation.

The optimised structures of 2-Cr and 2-Cr, in the solid-state
conformations reproduce the slightly off-centre position of the
Cr atoms, which are closer to the e than d edge(s) (Cr-C, 2.229,
Cr-C, 2.184 A). A look at the natural bond orbital (NBO)*
charges of the benzo rings of 2 (Fig. 8a) shows that the e-edge
carbon atoms are significantly more negative (—0.39) than the d-
edge ones (—0.02) due to the polarisation of the benzo

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig.8 (a) Optimised structure of 2 at the wB97X-D4-def2-SVP level of
theory, with NBO charges of the d and e carbon and boron atoms in
red. Atom colours: carbon = grey, boron = green. Hydrogen atoms
omitted for clarity. (b and c) Plots of the HOMO—9 and HOMO-12 of 2.
Isovalues: 0.04.

electron density towards the electron-deficient boron atoms
(+0.98) of the central ring. This polarisation is also visible in the
unsymmetrical m-electron distribution of the HOMO—9 and
HOMO-12 (Fig. 8b and c), resulting in tighter binding of the Cr
centres to the e edges in 2-Cr and 2-Cr,.

Compound 3-Cr,. The optimised structure of compound 3-
Cr, starting from the SCXRD-derived solid-state structure
reproduces the staggered conformation of the Cr(CO); units
with respect to the C,B, ring and their eclipsed conformation
with respect to each other, as well as the binding of the Li"
cations to CO ligands pointing in different directions, and the
unsymmetrical positioning of the Cr centres closer to the e
edges over which the C5-O1---Li1(thf); and C9-O5 carbonyl
ligands point. This asymmetry is also visible in the frontier MOs
of this structure (see Fig. S74 in the SI). However, since this
asymmetry is only present in the solid state, while in solution
the Cr(CO); moieties rotate freely and the [Li(thf);]" cations
fluctuate between all three CO ligands, further calculations were
carried out on the dianionic part of 3-Cr, ([3'-Cr,]*>") only.
Optimisation of several possible conformations of [3'-Cr,]*~
show that that of the solid-state conformation of [3'-Cr,]*" is the
overall minimum. The HOMO and HOMO—-2 to HOMO—5 of
[3-Cr,]’~ are entirely Cr(CO)s;-based, while HOMO-6 to
HOMO-10, HOMO—16 and HOMO—18 essentially correspond
to the m-delocalised orbitals of the anion [2]*~, each with very
small o-bonding contributions to the matching chromium
d orbitals. Only the HOMO—1 and HOMO—6 present significant
o bonding between the chromium d orbitals and the B-C ©
bonds of one half of the C,B, ring, respectively (Fig. 9).

An intrinsic bonding orbital (IBO)** analysis shows three
IBOs involved in Cr---C4B, bonding (Fig. 10). IBO-1 and IBO-2

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02501c

Open Access Article. Published on 22 May 2026. Downloaded on 6/12/2026 9:24:20 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

HOMO-6 (-1.56 eV)

HOMO-8 (-3.66 V)

HOMO-10 (-4.26 eV)

Fig. 9 Plots of the frontier MOs of [3'-Cr,]?~ involved in Cr---C4B,
bonding. Energy levels in parentheses. Isovalues: 0.04.

a) @o1 b)
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Fig. 10 (a) Optimised structure of [3'-Cr,]?>~ at the wB97X-D4-def2-
SVP level of theory. The hydrogen atoms and Li(thf)s moieties have
been omitted for clarity. (b—d) IBOs of [3’-Cr2]2’ involved in Cr---C4B>
bonding. Main orbital contributions to IBO-1: 21% 2p,(B1), 47% 2p,(C4),
4% 2p,(C15), 4% 2p,(C3), 2% 2p,(C2), 3% 3d,(Cr2), 2% 3d,,(Crl); to
IBO-2: 4% 2p,(B1), 40% 2p,(C1), 35% 2p,(C2), 2% 2p,(B2), 1% 3d,,(Crl),
1% 3dx,(Cr2); to IBO-3: 2% 2p,(C2), 22% 2p,(B2), 46% 2p,(C3), 3%
2p,(C18), 3% 2p,(C4), 4% 3d,,(Cr1), 4% 3d,,(Cr2). Isovalues: 0.04.

involve o donation from essentially the B1-C4 (68% contribu-
tion) and C1-C2 (75%) w bonds into the two chromium d,,
orbitals (6%, respectively), while IBO-3 involves donation from
the B2-C3 7t bond (68%) into the chromium d,, orbitals (8%). It
is noteworthy that the contribution of each boron 2p, orbital to
these three IBOs (ca. 24%) is significantly lower than that of
each carbon one (ca. 40% for C1/C2, ca. 50% for C3/C4). The rather
low chromium contributions (4% per Cr) to these IBOs suggest
that the Cr®—[2P~ —Cr° interaction is mainly electrostatic in
nature. Interestingly, an atoms-in-molecules (AIM)* analysis
provides bond critical points (BCP) only for the Cr-C bonds, and
none for the Cr---B interactions (see Fig. S76 in the SI).
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Conclusions

We have shown that the neutral 9,10-DHDBA 2 and its doubly
reduced [9,10-DBAJ*~ dilithio inverse-sandwich complex 3 are
suitable precursors for the complexation of group 6 carbonyls.
While compound 2 forms a stable, unsymmetrical half-sand-
wich complex (2-Cr) by coordination of Cr(CO); to one of the
benzo rings, the analogous Mo and W complexes are not
accessible. DFT calculations show that coordination to the
central C,B, ring is disfavoured by 22 keal mol ™. In contrast, all
three group 6 metals form stable centrosymmetric slipped
inverse-sandwich complexes (2-M,, M = Cr, Mo, W) by coordi-
nation of one M(CO); to each benzo ring, one above and one
below the DHDBA plane. These all display a slightly bent
DHDBA framework, with the metal centres coordinating more
tightly to the ring junctions, where 7 density accumulates due
to the attraction exerted by the central electrophilic boron
atoms.

Twofold reduction of 2 with lithium yields the inverse-
sandwich complex 3, in which the two lithium cations coordi-
nate to either side of the now aromatic central 1,4-di-
borabenzene ring. While 3 is only stable in solution, its reaction
with [M(CO);(NCMe);] (M = Cr, Mo) yielded the first stable
TM inverse-sandwich complexes of a di-
borataanthracene ligand (3-M,, M = Cr, Mo), albeit in poor
yields. SCXRD analyses confirm that the two M(CO); units bind
in an 5° fashion to the central C,B, ring of the DBA dianion,
while the [Li(thf);]” countercations bind to one CO ligand of
each M(CO); unit. Finally, DFT calculations show that M(CO);
bonding to the central 1,4-diborabenzene ring in 3-M, is mainly
electrostatic in nature, without formal Cr-B bonding.
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