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CsH,—BR, Bending in Ferrocenylboranes: A Delocalized Through-Space
Interaction Between Iron and Boron
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Abstract: A comparison of the molecu-
lar structures of mono-, di- and tetra-
borylated ferrocenes [Fc{B(R")(R*)}]
(RYR*=Br/Br, Br/Fc, Br/Me, Me/Me,
Me/OH, OMe/OMe), 1,1'-[fc{B(RY)-
(RY)},] (RYR*=Br/Br, Br/Me, OMe/
OMe), and 1,1',3,3'-[Fe{CsH;(BMe,).},]
revealed the boryl substituent(s) to be
bent out of the Cp ring plane towards
the iron center. The corresponding dip
angle a* decreases with decreasing
Lewis acidity of the boron atom and
with increasing degree of borylation at
the ferrocene core. This trend is well
reproduced by DFT calculations (in-
cluding [FcBH,], not yet accessible
experimentally). A Bader analysis of

clearly showed that there is no direct
iron-boron bonding in this compound.
Instead, strongly delocalized orbital in-
teractions have been identified that
involve the boron p orbital, C,, of
the adjacent Cp ring, d orbitals at iron,
and a through-space interaction with
the second Cp ring. A second im-
portant factor is attractive -electro-
static interactions, which are enhanced
upon ligand bending. Cyclic voltam-
metric measurements on the series
[FcBMe,], 1,1'-[fc(BMe,),], and
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1,1",3,3-[Fe{CsH;(BMe,),},] indicate a
substantial anodic shift in the oxidation
potential of the central iron atom upon
introduction of BMe, substituents. Ad-
dition of 4-dimethylaminopyridine
(DMAP) does not just counterbalance
this effect, but leads to a cathodic shift
of the Fe'/Fe"' redox transition far
beyond the half-wave potential of
parent ferrocene. In the Maossbauer
spectra, a continuous decrease in the
quadrupole splitting (QS) is observed
upon going from parent ferrocene to
[FcBMe,], to 1,1'-[fc(BMe,),], and to
1,1',3,3-[Fe{CsH;(BMe,),},]. In con-
trast, no significant differences are
found between the QS values of ferro-
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cene, [Fc(BMe,~DMAP)], and 1,1'-
[fc(BMe,—DMAP),].

Introduction

Mono- ([Fe{B(R")(R?)}]; Fc=(CsH;)Fe(CsH,))™M and 1,1'-di-
borylated ferrocenes (1,1’-[fc{B(R")(R?)},]; fc=(CsH,),Fe)?
are highly interesting redox-active Lewis acids that have al-
ready found applications in various areas of research, for ex-
ample, oligonuclear metallocene aggregates,®* charge-trans-
fer polymers,®” difunctional chelators of Lewis bases,® 'l
ferrocene-based tris(1-pyrazolyl)borate ligands,'"') B—N-
or B—P-bridged ansa-ferrocenes, ¥ and 1,3-dibora[3]ferro-
cenophanes."! This area of research was reviewed recent-
1y.?°2 In all these cases, the question of whether a pro-
nounced electronic interaction between the ferrocenyl
moiety and the boryl substituent(s) exists is of prime impor-
tance. Evidence has been gathered that tetracoordination of
boron in [Fc(BR,)] greatly facilitates iron oxidation.”! More-
over, a crystal structure analysis of [Fc(BBr,)] (two crystal-
lographically independent molecules in the asymmetric unit)
showed the BBr, group to be bent towards the iron atom by
a dip angle a* of 17.7° (molecule I) and 18.9° (molecule II;
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a*=180°—a, whereby a is the angle between the geometric
center of the carbon atoms constituting the substituted cy-
clopentadienyl ring, the ipso carbon atom C,, and the
boron atom).”” These findings suggest a general opportunity
1) to monitor the coordination state of boron in ferrocenyl-
boranes by means of the Fe'/Fe™ redox potential and 2) to
influence the Lewis acidity of the boron atom by changing
the oxidation state of iron.

Here we present a detailed study on selected ferrocenyl-
borane derivatives that differ greatly in the Lewis acidity of
their boryl substituents. Special emphasis is put on answer-
ing the question of whether there is direct iron-boron inter-
action in ferrocenylboranes. To this end we report results
from X-ray crystal structure analyses, cyclic voltammetric
measurements, Mossbauer spectroscopy, and DFT calcula-
tions.

Results and Discussion

Syntheses and NMR spectroscopic characterization: All
compounds investigated in the context of this paper are
shown below. The prototype computational model [FcBH,]
(1) was included although it is not experimentally accessi-
ble! and the discussion of its structural features must be re-
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stricted to theoretical data (note that the amine adduct
[Fc{BH,(NMe,Et)}] was recently synthesized and structural-
ly characterized by X-ray crystallography®!). Compound 1
serves as an important benchmark system, since hydrogen
atoms can be expected to have only very little steric or elec-
tronic impact on the degree of iron-boron bonding. Synthe-
ses and X-ray crystal structure analyses of [FcBBr,] (2)!%
and 1,1’-[fc(BBr,),] (8)*! have already been published; se-
lected structural parameters are quoted below for compari-
son. The mono- and diborylated ferrocenes 3! and 9™ are
accessible by methylation of 2 and 8 with neat SnMe,. Subli-
mation (40°C, 10~ Torr) yielded single crystals of 3 and 9.
Dimethyl derivative 4 was synthesized according to a litera-
ture procedure.l!!. Amber single crystals of this compound,
which is normally obtained from the reaction mixture as a
dark red oil, were grown by sublimation (40°C, 107 torr).
The DMAP (DMAP: 4-(dimethylamino)pyridine) adduct
4aP! crystallized from toluene when the solution was gradu-
ally concentrated in vacuo. Careful hydrolysis of a solution
of [Fc{B(Me)Br}] (3) in benzene in the presence of NEt; led
to the hydroxyboryl ferrocene [Fc{B(Me)OH]}] (5), which
bears a m-donating substituent at the boron atom that can
be expected to greatly affect any electronic interaction be-
tween iron and boron. Single crystals of 5 formed serendipi-
tously from the crude oily compound 4 upon prolonged ex-
posure to air. Dimethoxyboryl ferrocenes 6 and 11 are read-
ily accessible by treatment of 2 and 8 with excess MeOSiMe;
in pentane and toluene, respectively. X-ray quality crystals
of 6 were grown by vacuum sublimation, whereas 11 was re-
crystallized from hexane. The diferrocenylborane 7 can be
synthesized in high yield from 2 and one equivalent of
[FcSnMe;]™! in benzene at ambient temperature. Crystals
were obtained from a saturated toluene solution of 7. So far,
single crystals of the diborylated species 10 and its DMAP
derivative 10al are not available for X-ray crystallography.
Nevertheless, cyclic voltammetric measurements and Moss-
bauer spectroscopy provided important information about
the electronic structure of these compounds. The tetrabory-
lated ferrocene 12 was synthesized from a mixture of neat
1,1',3,3'-[Fe{CsH;(BBI,),},]* and neat SnMe, (8 equiv) at
elevated temperature. Crystalline material was obtained by
vacuum sublimation.

The NMR spectra of 2,111 31 4111 4251 821 9 2 102 and
10al! have been published previously. When a hydroxyl
group is substituted for one of the methyl groups in 4
(6(''B)=70.5 ppm) the 'BNMR resonance is shifted to
higher field by 20.9 ppm (5: 6("'B)=49.6 ppm). Replace-
ment also of the second methyl group leads to additional
magnetic  shielding (6: 8(''B)=30.0 ppm; Ad(5-6)=
19.6 ppm). There is no difference between the "B NMR
shifts of 6 and 11 (6(*'B)=30.0ppm). The "B NMR

'IDM:;P resonances of diferrocenylborane 7 and tetraborylated ferro-
[&>—8 © Me-. /@—B“\‘Me cene 12 appear at 55.3 and 74.8 ppm, respectively. The 'H
,'ze Me Me/B ée Me and CNMR spectra of 5, 6, 7, 11, and 12 exhibit the
~Me Me expected signal patterns and chemical shift values and

@B\ Me-.. @-B'\ p gnat - patt ) . )
l Me P Me therefore do not merit further discussion (see Experimental

10a DMAP Me 12 Section).
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X-ray crystal structure determinations: Selected crystallo-
graphic data of 3, 4, 4a, 5,6, 7,9, 11, and 12 are compiled in
Table 1. In compound 3 (monoclinic, P2,/n; Figure 1), the
B(Me)Br substituent is disordered over two positions (occu-
pancies: 68:32), which results in large error margins of bond
lengths and angles involving the methyl carbon atom C6.
Despite this deficiency, the crystal structure analysis of 3
was included in this paper, since the most important struc-
tural parameter, the dip angle a*=13.7°, is not affected.
Compound 4 (orthorhombic, Pbca; Figure 2) was chosen for

Table 1. Selected crystallographic data for 3, 4, 4a, 5,6, 7, 9, 11, and 12.

a comparison of the structural characteristics of a ferroce-
nylborane possessing a three-coordinate boron center and
its respective Lewis base adduct with a four-coordinate
boryl group (4a; monoclinic, P2,/c; Figure 3). Bromobor-
anes R,BBr, such as 2 and 3, are not suitable for this kind of
investigation, because they tend to form boronium salts
[R,B(LB),]*Br~ upon reaction with strong Lewis bases
(LB).”" The free Lewis acid 4 exhibits a dip angle a* of
13.0°, which is reduced to a value of a*=1.1° in the B—N
adduct 4a. At the same time, the bond between boron and

3 4 4a 5 6
formula C,;H,BBrFe C,,H,sBFe CyH,sBFeN, C,;H;BFeO C,H,sBFeO,
M, 290.78 225.90 348.07 227.87 257.90
crystal size [mm] 0.14x0.12x0.08 0.34x0.31x0.08 0.38x0.13x0.12 0.23x0.14x0.05 0.43x0.38 x0.35
crystal system monoclinic orthorhombic monoclinic triclinic triclinic
space group P2/n Pbca P2//c Pl Pi
a[A] 10.4548(18) 9.5961(8) 9.2709(15) 11.6677(11) 10.3886(12)
b [A] 7.6663(10) 8.7619(7) 19.940(2) 12.5059(13) 10.4644(12)
c[A] 14.331(3) 25.580(2) 10.1081(14) 12.9675(12) 11.4338(13)
al’] 90 90 90 97.385(8) 83.432(9)
Bl 102.770(14) 90 113.191(11) 111.553(7) 73.997(9)
v [°] 90 90 90 110.408(7) 76.077(9)
V[AY 1120.2(3) 2150.8(3) 1717.6(4) 1576.3(3) 1158.2(2)
zZ 4 8 4 6 4
Peatea [gEm ] 1.724 1.395 1.346 1.440 1.479
T[K] 173(2) 100(2) 173(2) 100(2) 173(2)
u(Moy,) [mm™] 4.867 1.355 0.878 1.395 1.281
264 [°] 50.44 57.74 50.42 54.12 59.56
measured reflections 13666 13708 5768 23506 23192
unique reflections (R;,) 1972 (0.103) 2800 (0.066) 2955 (0.031) 6877 (0.064) 6493 (0.086)
obsd reflections [I>20()] 1359 1876 2034 4486 5022
parameters refined 146 129 210 385 293
R1 [I>20(1)] 0.045 0.035 0.028 0.037 0.054
wR2 [I>20(1)] 0.098 0.065 0.046 0.072 0.133
GoF on F* 0.747 0.902 0.828 0.869 0.961
largest diff. peak/hole [e A~ 0.33/-0.45 0.29/-0.46 0.22/-0.23 0.35/-0.47 0.99/-1.23

7 9 11 12

formula C,H3BBrFe, C,,H,,B,Br,Fe C,H,B,FeO, C3sH;3B Fe
M, 460.76 395.52 329.77 34551
crystal size [mm] 0.42x0.27x0.22 0.27x0.14x0.08 0.48x0.33x0.23 0.40%0.22x0.09
crystal system monoclinic triclinic monoclinic orthorhombic
space group P2/c P1 P2/n P2.22
a[A] 10.4521(8) 6.3985(12) 16.2224(9) 15.068(3)
b [A] 12.2603(6) 6.8862(12) 9.2084(5) 7.2030(14)
c[A] 13.8391(11) 8.4905(15) 20.2143(9) 9.1660(14)
al’] 90 83.226(14) 90 90
A1 106.529(6) 81.124(14) 96.803(4) 90
y[°] 90 67.651(13) 90 90
VA 1700.1(2) 341.14(11) 2998.4(3) 994.8(3)
V4 4 1 8 2
Oeatea [gem 7] 1.800 1.925 1.461 1.153
T[K] 100(2) 173(2) 173(2) 155(2)
u(Moy,) [mm™'] 4.053 6.933 1.016 0.752
20 [°] 55.38 50.20 51.66 63.18
measured reflections 30306 4658 56512 13193
unique reflections (R;,) 3942 (0.052) 1217 (0.062) 5727(0.051) 3070 (0.058)
obsd reflections [/>20([)] 2981 998 4764 2686
parameters refined 217 80 387 109
R1 [I>20(1)] 0.021 0.044 0.023 0.044
wR2 [I>20(])] 0.030 0.115 0.057 0.083
GoF on F* 0.999 1.036 0.943 1.156
largest diff. peak/hole [e A= 0.32/-0.41 1.20/-0.76 0.28/—-0.27 0.38/-0.23
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Ferrocenylboranes

Figure 1. Molecular structure of 3; thermal ellipsoids shown at the 50 %
probability level. Selected bond lengths [A], angles[°], and torsion
angles [°]: B1-C1 1.529(10), B1-C6 1.67(3), B1-Br(1) 1.868(8); C1-B1-
C6 126.6(15), C1-B1-Br1 =121.3(5), C6-B1-Brl 112.0(14); C2-C1-B1-Brl
—168.3(4), C5-C1-B1-Br1=-8.7(8); Fel-~B1=2.971(8); COG-Fel-
COG*=178.2; a*=13.7.

Figure 2. Molecular structure of 4; thermal ellipsoids shown at the 50 %
probability level. Selected bond lengths [A], angles[°], and torsion
angles [°]: B1-C11 1.545(4), B1-C1 1.570(4), B1-C2 1.578(4); C11-B1-C1
121.1(2), Cl11-B1-C2 119.6(2), C1-B1-C2 119.2(2); C12-Cl11-B1-C1
—170.6(2), C15-C11-B1-C1 —-9.5(4), C12-C11-B1-C2 11.3(4), C15-C11-
B1-C2 172.4(2); Fel--B1 3.008(3); COG-Fel-COG* 178.2; a*=13.0.

Figure 3. Molecular structure of com-
pound 4a; thermal ellipsoids shown at
the 50% probability level. Selected
bond lengths [A], angles [°], and tor-
sion angles [°]: B1—-C11 1.625(3), B1—
C7 1.622(3), B1—C8 1.619(3), B1-N1
1.670(3), C4-N4 1.352(3); C11-B1-C7
113.5(2), C11-B1-C8 112.1(2), C7-B1-
C8 112.0(2), N1-B1-C11 102.7(2), N1-
B1-C7 107.7(2), N1-B1-C8 108.2(2);
C12-C11-B1-N1  —90.5(2), C15-C11-
B1-N1 88.4(2), C11-B1-N1-C2
—85.6(2), C11-B1-N1-C6 87.4(2), C3-
C4-N4-C41  -1.6(3), C5-C4-N4-C42
—0.4(3); Fel--B1 3.347(2); COG-Fel-
COG*178.9; a*=1.1.

Chem. Eur. J. 2005, 11, 584—603 www.chemeurj.org

FULL PAPER

the cyclopentadienyl ring is elongated by 0.080 A (4: B1—
Cl11 1.545(4) A, 4a: B1-C11 1.625(3) A). This effect is less
pronounced for the boron-methyl bonds, which are only
0.047 A (av) longer in 4a than in 4 (4: B1-C1 1.570(4) A,
B1-C2 1.578(4) A: 4a: BI1-C7 1.622(3)A, B1-C8
1.619(3) A). It can therefore be concluded that the increased
B1—C11 bond length in 4a is not just caused by rehybridiza-
tion of boron (4: sp*> B; 4a: sp® B), because this should have
similar consequences for all three boron-carbon bond
lengths. Even though the BMe, substituent is bent out of the
plane of the cyclopentadienyl ring, there appears to be a
considerable degree of Cp—B m bonding in 4, which no
longer exists in B—N adduct 4a. The DMAP ligand adopts a
position almost orthogonal to the substituted cyclopenta-
dienyl ring (N1-B1-C11 102.7(2)°, C12-C11-B1-N1
—90.5(2)°). The torsion angle C11-B1-N1-C2, which charac-
terizes the conformation of the DMAP plane relative to the
FcBMe, fragment, is —85.6(2)°. As expected, a torsion angle
C3-C4-N4-C41 of only —1.6(3)° is found between the NMe,
group and the aromatic ring of the DMAP ligand; that is,
N4 acts as an efficient m-electron donor towards the pyri-
dine ring, which guarantees a high Lewis basicity of nitrogen
atom N1. Despite the fact that even in solution the Lewis
acid/base association/dissociation equilibrium lies quantita-
tively on the side of the adduct (4a: 5(''B)=—3.0), a rather
long B—N bond is observed (B1-N1 1.670(3) A). Currently,
94 adducts between sp® nitrogen donors and three-coordi-
nate boron atoms are included in the Cambridge Crystal
Structure File (Release 5.24 of April 2003),?! and 84 of
them have shorter B—N bonds than 4a (cf. (C¢Fs);B—
DMAP: B-N 1.602(6) A).”) However, this does not neces-
sarily indicate that [FcBMe,] (4) is a weak Lewis acid, since
it is known that the correlation between the strength of a
coordinative B—N bond and its length should not be over-
emphasized. For example, the B—N bonds in [FcBMe,-pyz-
Me,BFc] (B-N 1.683(5) A; pyz=pyrazine)’ are not much
longer than that of 4a, despite the fact that the former com-
pound completely dissociates in solution already at ambient
temperature. Another example is the triferrocenylborane
adduct [Fc;B—pyridine], which is sterically more congested
than 4a and contains a weaker Lewis acid but nevertheless
has a shorter B—N bond of 1.658(4) A.

The hydroxy derivative 5 (triclinic, P1, three crystallo-
graphically independent molecules 5, 5*, 5%; Figure 4) exhib-
its a dip angle of a*=10.8° (5*: 12.9°, 5%:10.3°) and a B1—
O1 bond length of 1.370(4) A (5%, 5%: 1.378(4) A). While
the dip angles in 5, 5*, and 5® are significantly larger than
those found for triferrocenylboroxine (a*==8.0° (average
value at 154 K)), the B—O bond lengths of both compounds
lie in the same range (triferrocenylboroxine: 1.383 A (aver-
age value at 154 K)). Molecules 5 and 5®, which have very
similar a* values, adopt the same conformation with torsion
angles H1-O1-B1-C11 of 176° and H1B-O1B-B1B-C11B of
—180°. The main difference in molecule 5* (a*=12.9°) lies
in the fact that the OH group is rotated by almost 180°
about the B—O bond (HIA-O1A-B1A-C11A —6°). Each
molecule of 5 establishes hydrogen bonds to two neighbor-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 587
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Figure 4. Molecular structure of compound 5 (5,5%) thermal ellipsoids
shown at the 50% probability level. Selected bond lengths [A],
angles [°], and torsion angles [°]: B1-C11 1.548(4) (1.545(4), 1.547(5)),
B1-C1 1.569(4) (1.576(4), 1.566(4)), B1-0O1 1.370(4) (1.378(4), 1.378(4));
C11-B1-C1 123.0(3) (123.3(3), 122.9(3)), C11-B1-O1 117.9(3) (120.3(3),
117.5(3)), C1-B1-O1 119.1(3) (116.4(3), 119.6(3)); C12-C11-B1-Cl
—6.0(4) (94(5), 87(4)), C15-C11-B1-C1 158.1(3) (171.0(3), 173.5(3)),
C12-C11-B1-O1 174.7(3) (—170.5(3), —171.6(3)), C15-C11-B1-O1
—21.2(4) (-8.9(5), —6.7(4)), H1-O1-B1-C11 176.0 (—5.6, —179.8);
Fel--B1 3.056(3) (3.014(4), 3.057(3)); COG-Fel-COG* 1782 (176.9,
179.9); a*=10.8 (12.9,10.3); hydrogen bonds: O1-H1, O1A-H1A, O1B—
H1B 0.84, H1--O1A#1 1.91, H1A--O1B#2 1.97, HIB--O1#1 1.86; O1—
H1--O1A#1 1757, O1A—H1A--O1B#2 148.4, O1B—HI1B--O1#1 173.6;
symmetry transformations to generate equivalent atoms: #1: —x+2, —y+1,
—z4+1;#2: —x+2, —y+2, —z+1.

ing molecules, whereby the hydroxyl group acts both as hy-
drogen-bond donor and acceptor, which may in turn have
an impact on the degree of O—B = bonding and, conse-
quently, influence the dip angle a*.

Compared to 5, the dip angle of dimethoxyboryl ferro-
cene derivative 6 (triclinic, P1, two crystallographically inde-
pendent molecules 6 and 6*; Figure 5) is further reduced to

Figure 5. Molecular structure of 6 (6*); thermal ellipsoids shown at the
50% probability level. Selected bond lengths [A], angles [°], and torsion
angles [°]: B1-C11 1.562(4) (1.556(3)), B1-O1 1.370(3) (1.368(3)), B1—
02 1.360(3) (1.360(3)); C11-B1-O1 114.9(2) (115.2(2)), Cl11-B1-O2
127.7(2) (127.5(2)), O1-B1-O2 117.5(2) (117.3(2)); C12-C11-B1-O1
173.6(2) (178.0(2)), C15-C11-B1-O1 —13.0(3) (—6.2(3)), C12-C11-B1-O2
—5.9(4) (-0.4(4)), C15-C11-B1-02 167.5(2) (175.4(2)), C1-O1-B1-O2
1.5(3) (0.2(3)), C2-02-B1-O1 178.2(2) (174.5(2)); Fel--B1 3.179(3)
(3.197(3)); COG-Fel-COG*=178.9 (177.9); a*=6.6 (5.6).

588 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a value of 6.6° (6*: 5.6°), most likely due to the presence of
two m-donor substituents at boron that are, moreover, not
involved in any additional hydrogen bonding. In the dinu-
clear species 7 (monoclinic, P2,/c; Figure 6), the ferrocenyl

Figure 6. Molecular structure of 7; thermal ellipsoids shown at the 50 %
probability level. Selected bond lengths [A], angles[°], and torsion
angles [°]: B1—C1 1.524(3), B1-C21 1.538(3), B1-Brl 1.969(2); C1-B1-
C21 128.8(2), C1-B1-Brl 116.3(2), C21-B1-Brl 114.9(2); C2-C1-B1-C21
—1.5(3), C5-C1-B1-C21 —-165.5(2), C2-C1-B1-Brl 179.5(2), C5-C1-B1-
Brl 15.6(2), C22-C21-B1-C1 1.8(3), C25-C21-B1-C1 —156.0(2), C22-C21-
B1-Brl —179.2(2), C25-C21-B1-Brl 23.0(2); Fel--B1 3.022(2), Fe2--B1
2.950(2); COG-Fel-COG* 179.0, COG-Fe2-COG* 179.1; a* 11.0 (at
C1), 15.3 (at C21).

substituents adopt a trans arrangement with regard to the
trigonal-planar boron atom (dihedral angle between C1-C2-
C3-C4-C5 and C21-C22-C23-C-24-C25 9.2°). The coplanarity
of the two cyclopentadienyl rings appears to be sterically
less favorable than the propellerlike arrangement observed
for [Fc;B] (cis configuration of the three Fc substituents
with regard to the trigonal-planar boron atom; dihedral
angles between the borylated cyclopentadienyl rings: 39.8,
42.3, 43.7°).51 One problem arises from the fact that the hy-
drogen atoms attached to C2 and C22 of 7 closely approach
each other. This becomes evident from an inspection of the
C1-B1-C21 angle, which is stretched to 128.8(2)°. On the
other hand, steric strain is alleviated by Cp-B-Cp bending
(a*=11.0° at C1 and 15.3° at C21; distance between H2 and
H22: 2.154 A). The molecular structure of 7 is very similar
to that of the related monomeric diferrocenylborane
[Fc,BH],”! which also shows a bent CsH,-B-CsH, backbone
with a* values of 12.6 and 14.4° (in contrast to 7, however,
the CsH,-B(H)-CsH, fragment is disordered about a crystal-
lographic inversion center). Delocalization of cyclopenta-
dienyl & electrons into the empty boron p orbital is more fa-
vorable in 7 and [Fc,BH] than in the twisted compound
[FcsB].

The molecular structures of the diborylated ferrocenes 9
(triclinic, P1; Figure 7) and 11 (monoclinic, P2,/n; Figure 8)
were determined for comparison with the related mono-
borylated species 3 and 6. Most relevant structural features
are similar in 3/9 on the one hand and 6/11 on the other (9,

www.chemeurj.org Chem. Eur. J. 2005, 11, 584—603


www.chemeurj.org

Ferrocenylboranes

Figure 7. Molecular structure of 9; thermal ellipsoids shown at the 50 %
probability level. Selected bond lengths [A], angles[°], and torsion
angles [°]: B1-C1 1.523(8), B1-C6 1.606(7), B1-Brl 1.941(6); C1-B1-C6
126.0(5), C1-B1-Brl 118.3(4), C6-B1-Brl 115.7(4); C2-C1-B1-C6
—178.4(5), C5-C1-B1-C6 —11.6(8), C2-C1-B1-Brl 1.6(7), C5-C1-B1-Brl
168.4(4); Fel--B1 3.056(6); COG-Fel-COG* 180.0; a*=9.4.

Figure 8. Molecular structure of 11 (11*) thermal ellipsoids shown at the
50% probability level. Selected bond lengths [A], angles [°], and torsion
angles [°]: BI=C1 1.554(2) (1.554(2)), B2-C11 1.556(2) (1.561(2)), B1-
01 1.359(2) (1.357(2)), B1-02 1.361(2) (1.365(2)), B2-O11 1.365(2)
(1.366(2)), B2—012 1.354(2) (1.352(2)); C1-B1-O1 128.0(1) (127.7(1)),
C1-B1-02 114.6(1) (114.8(1)), O1-B1-02 117.3(1) (117.5(1)), C11-B2-
011 115.9(1) (114.6(2)), C11-B2-012 127.3(1) (128.4(2)), O11-B2-012
116.8(1) (117.1(1)); C2-C1-B1-O1 -5.5(3) (—4.5(3)), C5-C1-B1-O1
172.8(1) (1727(1)), C2-C1-B1-02 173.1(1) (174.7(2)), C5-C1-B1-O2
~8.7(2) (=82(2)), C12-C11-B2-O11 —7.3(2) (—5.0(2)), C15-C11-B2-O11
174.7(1) (178.8(2)), C12-C11-B2-012 174.2(1) (175.5(2)), C15-C11-B2-
012 -3.8(3) (—0.8(3)), C6-01-B1-02 179.3(2) (177.3(1)), C7-02-B1-0O1
~3.3(2) (=5.9(2)), C16-011-B2-012 —4.6(2) (~5.0(2)), C17-012-B2-O11
—1788(1) (~179.1(2)); Fel--Bl 3.226(2) (3216(2)), Fel-B2 3.225(2)
(3212(2)); COG-Fel-COG* 177.6 (177.6); a*=5.0 (at C1), 4.2 (at C11),
6.0 (at C1A), 5.4 (at C11A).

however, does not suffer from similar B(Me)Br disorder
problems as 3), apart from the fact that introduction of a
second boryl substituent into the ferrocene core leads to re-
duced CsH,—BR, bending (3/9: a*=13.7/9.4°; 6/11: a*=6.1/
5.2° (average values)) as was already observed for 2 (a*=
18.3° (average value))?? and 8 (a*=9.1°).2Y In contrast to 8
and 9, which are centrosymmetric with perfectly staggered
Cp ligands, both crystallographically independent molecules
of 11 have their B(OMe), substituents pointing in the same
direction (11: C1-COG-COG*-C11 1.4°; 11*: C1A-COG-
COG*-C11A 4.6°; COG: geometric center of the Cp carbon
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atoms). The molecular structure of tetraborylated 12 (ortho-
rhombic, P2,2,2; Figure 9) has C, symmetry in the crystal
lattice and closely resembles the structure of 1,1',3,3'-
[Fe|CsH;(BBr,),},].*! The dip angles in 12 (a*=6.1, 9.3°)
are considerably smaller than in monoborylated 4 (a*=
13.0°), as was already observed in the case of 2/8/1,1',3,3"-
[Fe{CsH;(BBr,),},] (a*=18.3/9.1/4.2° (average values)) and
6/11 (a*=6.1/5.2° (average values)).

c16

Figure 9. Molecular structure of 12; thermal ellipsoids shown at the 50 %
probability level. Selected bond lengths [A], angles[°], and torsion
angles [°]: B1-C11 1.546(3), B2—C13 1.548(3), B1—C16 1.566(4), B1-C17
1.573(4), B2—C18 1.571(3), B2—C19 1.571(4); C11-B1-C16 120.2(2), C11-
B1-C17 120.7(2), C16-B1-C17 119.1(2), C13-B2-C18 121.1(2), C13-B2-
C19 119.9(2), C18-B2-C19 119.0(2); C12-C11-B1-C16 15.3(3), C15-C11-
B1-Cl6 —173.8(2), C12-C11-B1-C17 —166.4(2), C15-C11-B1-C17 4.5(3),
C12-C13-B2-C18 -3.1(3), C14-C13-B2-C18 —170.0(2), C12-C13-B2-C19
176.3(2), C14-C13-B2-C19 9.5(3); Fel--B1 3.164(3), Fel-~-B2 3.096(3);
COG-Fel-COG* 177.3; a*=6.1 (at C11), 9.3 (at C13); symmetry trans-
formations to generate equivalent atoms: A: —x+1, —y+1, z.

The conformation adopted by the B(R')(R?) substitu-
ent(s) in 2-9, 11, and 12 with respect to the ferrocenyl frag-
ment brings the formally empty boron-centered p orbital(s)
into a position parallel to the filled p orbital(s) of the ipso
carbon atom(s). However, any Cp—B  interaction is likely
to be disfavored by bending of the boryl substituent out of
the plane of the cyclopentadienyl ring towards the iron
atom, as is observed for 2-9, 11, and 12. The question thus
arises whether this structural feature is caused by a direct
iron-boron interaction, which could also lead to transfer of
electron density into the boron p orbital and thus outweigh
the decreased Cp—B m bonding. As far as the monoboryl
ferrocenes are concerned, a gradual decrease of a* values is
observed (Figure 10) upon going from 2 (a* =18.3° (average
value)) to 3 (a*=13.7°), 4 (a*=13.0°), 5 (a*=11.3° (aver-
age value)), and 6 (a*=6.1° (average value)). The Fe--B
distances are found to increase in the same order (2: 2.840/
2.856 A, 3: 2.971(8) A, 4: 3.008(3) A, 5: 3.014(4)/3.056(3)/
3.057(3) A, 6: 3.179(3)/3.197(3) A). In the diferrocenyl
borane 7, a* values of 15.3 and 11.0° correspond to Fe--B
bond lengths of 2.950(2) A and 3.022(2) A, respectively.
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Figure 10. Correlation between dip angle a* and the boryl substituents of
selected derivatives [FcB(R')(R?)].

Here, two FcB fragments of identical chemical composition
differ in dip angle by as much as 4.3°, which indicates a
rather shallow potential-energy surface related to the Cp—
B(R")(R?) bending mode. This conclusion is further support-
ed by the significantly different a* values of the three crys-
tallographically independent molecules of 5 (Aa*=2.6°).
Smaller dip angles than in the monoborylated compounds
2-7 are found in the corresponding 1,1’-diborylated species
8 (a¥=9.1°), 9 (a*=9.4°), and 11 (11: a*=4.2°, 5.0°; 11*:
5.4°, 6.0°). Compound 2, which has the largest dip angle a*,
shows the shortest B—Cp bond (17.7°/1.482(8) A and 18.9°/
1.474(9) A for the two crystallographically independent mol-
ecules), while 4, which has a smaller dip angle (a¢*=13.0°),
shows a much longer B—Cp bond (B1—C11 1.545(4) A). This
correlation, which can be seen in most other ferrocenylbor-
ane derivatives, is inverse to the trend expected for the
simple picture of competing Fe—B o and Cp=B = interac-
tions. We investigate the electronic basis of these observa-
tions by quantum chemical means below.

To get a more complete overview, two other series of
closely related ferrocenylborane derivatives must be consid-
ered: 1) Crystal structure analyses of triferrocenyltriselen-
atriborinane [(FcBSe);],* triferrocenylboroxine
[(FcBO);],*! and triferrocenylborazine [(FcBNH),]™, all of
which have a central six-membered ring with pendant ferro-
cenyl substituents at the boron atoms, revealed dip angles
a* of 10.5, 7.9, and 5.1°, respectively. 2) Apart from 7 (a* =
13.2° (average value)) and [Fc,BH] (a*=13.5° (average
value)), two other diferrocenylboranes have been structural-
ly characterized. These are the chloro compound [CIB(fcSi-
Me,Cl),] (a*=11.9° (average value), in which the borylated
cyclopentadienyl rings and the BCI bridge are disordered
over two positions with occupancies of 50:50),* and the
oxo-bridged  tetraferrocene  aggregate  [(CIMe,Sifc),-
BOB(fcSiMe,Cl),] (a*=4.5° (average value)).* In both
series, the dip angles decrease as the degree of B—X m bond-
ing increases (X=Se, O, N; Br, Cl, O). The smallest dip
angles of all three-coordinate ferrocenylboranes investigated
so far were found for 1,1'-[fc{B(NiPr,),},], which bears two
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strongly m-donating diisopropylamino groups at each of its
boryl substituents (a*=—1.8, 2.8°).41 In this special case,
however, the steric bulk of the NiPr, groups might have a
strong influence on the size of a* as well.

The data collected in this section clearly reveal a causal
relationship between the Lewis acidity of the boryl group in
ferrocenylboranes and the dip angle a*: The more Lewis
acidic the B(R')(R?) substituent is, the more it is bent to-
wards the iron atom. This effect is less pronounced in 1,1'-
diborylated and 1,1'.3,3'-tetraborylated ferrocenes than in
the monoborylated species.

Electrochemical measurements: All potentials are refer-
enced against the FcH/FcH™* redox couple; where necessary,
literature data used for comparison were recalculated for
FcH/FcH™ as reference. The cyclic voltammograms of 4, 10,
and 12 (CH,Cl,, 0.1m NBu,PF;) exhibit redox transitions
with half-wave potentials E* of +40.09, +0.26, and
+0.39 'V, respectively. When the scan rates are varied from
0.02 to 1.00 V™!, the current ratio iyo/in, is constantly equal
to 1, the current function i,,/v'”* remains constant, and the
peak-to-peak separation does not depart appreciably from
the value of 59 mV theoretically expected for an electro-
chemically reversible one-electron process. Thus, any possi-
ble structural reorganizations accompanying iron oxidation
in 4, 10, and 12 must be fast and reversible. Introduction of
BMe, substituents into the ferrocene core increases the oxi-
dation potential of the central iron atom. This anodic shift,
which is apparently additive, can be attributed to the m-elec-
tron-withdrawing nature of three-coordinate boryl groups.
Addition of DMAP (1 equiv for 4, 2 equiv for 10) with sub-
sequent B—N adduct formation does not just neutralize this
effect, but leads to a cathodic shift of the Fe'/Fe™ redox
transition far beyond the half-wave potential of parent fer-
rocene [E”(4a)=—-040V (CH,Cl,), E°'(10a)=-0.66 V
(CH,CL)].P

S"Fe Mossbauer spectroscopy (MS): As is true for all neutral
ferrocene-related compounds, the Mossbauer spectra of 4,
4a, 10, 10a, and 12 consist of simple well-resolved doublets
that can be characterized in terms of their isomeric shift
(IS), quadrupole splitting (QS), and area under the reso-
nance curve (A). As a typical example the spectrum of 4 at
90 K is shown in Figure 11; MS parameters of all compounds
investigated are summarized in Table 2.

Compounds 4 and 4 a: Similar to all other derivatives exam-
ined in this study, the IS of 4 (0.524+0.004 mms™" at 90 K)
is very similar to that of parent ferrocene (0.537+
0.001 mms! at 90 K). In consonance with previous observa-
tions,*” ring substitution of a B(CH;), group for a hydro-
gen atom has only a small effect on the s electron density at
the metal center. The effective vibrating mass®®! of the
metal atom M.,y calculated from the temperature depen-
dence of the IS, is 107 Dalton. The difference between this
value and the “bare” iron atom mass of 57 Dalton is a meas-
ure of the covalency of the iron-ligand interaction in these
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Figure 11."Fe Mossbauer spectrum of 4 at 90 K. The velocity scale is
with respect to the centroid of a room-temperature a-Fe spectrum.

Table 2. Mossbauer parameters for 4, 4a, 10, 10a, and 12. Values in parentheses are estimated errors in the

last significant figure(s).
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Somewhat counterintuitively, the QS parameter observed
for 4a (2.344+0.003 mms™) is rather similar to the value mea-
sured for 4, even though a pronounced difference of 0.49 V is
observed in the redox potentials of the two compounds (4:
E’=+40.09V, 4a: E°=-0.40V). In the case of solid 4a, MS
spectra were acquired up to 340 K. Such measurements were
not possible for free 4 due to its lower melting point. The high-
temperature spectra of 4a revealed a marked deviation from
linearity in the Inf plot, especially for temperatures above
250K, as is also observed in the corresponding data for 4 (cf.
discussion for 10/10a below). This nonlinearity presumably
arises from the onset (upon warming) of additional vibrational
modes of the iron atom, associated with the onset of ring rota-
tion in the monoborylated species.

Compounds 10 and 10a: The
MS parameters of 10 and 10a
are summarized in Table 2. The

M of iron is about 22 % larger

4 4a 10 10a 12 .
- in 10 than the M calculated
IS(90) [mms~'] 0.524(4) 0.515(3) 0.528(4) 0.520(4) 0.546(4) borviated 4. H
QS(90) [mms™'] 2.309(4) 2.344(3) 2.082(4) 2.339(4) 1.891(4) or monoborylated 4. However,
—d(IS)/dT [mms'K'x107] 3.91(15) 475(37) 3.17(41) 3.17(6) 40211) Oy 1s 23% lower in 10 relative
—d(InA)dT [K'x 1077 9.57(5) 5.42(14) 12.9(3) 11.1(1) 794(17)  to 4, consistent with the obser-
M. [Dalton] 107(10) 130(12) 131(13) 131(13) 104(1) vation that 10 is a liquid at
O [K] 87 105 68 3 o7 room temperature, while 4 is a
vibrational anisotropy small small above ca. 180 K small moderate o p ’ R
semisolid. The QS parameter is
ferrocenoids. The temperature dependence of InA, which 2.35

can be related to the mean-square amplitude of vibration
(x*) of the iron atom, is a linear function over the tempera-
ture range of 86-273 K. From the temperature dependence
of the IS and In A we calculate a Mdssbauer lattice tempera-
ture! 6y, of 87 K. The iron atom in 4 exhibits only a small
vibrational anisotropy in the crystalline phase, in conso-
nance with the ORTEP representation in Figure 2. The QS
of 4 (2.30940.004 mms™" at 90 K) is significantly smaller
than that of ferrocene (2.418 mms™ at 90 K). The relation-
ship between the QS of ferrocene derivatives and the elec-
tron-withdrawing properties of the ring substituents has
been discussed in detail previously.”*!! We note an interest-
ing observation connected to the QS parameter. When the
sample, which had originally been cooled rapidly from room
temperature to 78 K, is examined in a warming mode, the
QS has a value of about 2.21 mms™" and is essentially tem-
perature-independent up to 200 K. Above this temperature,
the QS rapidly rises to 2.27-2.31 mms™" and remains at this
higher value even if the sample is subsequently cooled back
to 90K. This sequence is summarized graphically in
Figure 12. When this sample is warmed to about 310 K for
periods of up to 60 min, cooled, and then re-examined, a
higher QS value of about 2.31 mms™' is observed, essentially
independent of temperature. To explain these findings we
note that for glove-box transfer (vide infra) the sample had
been warmed above its melting point. Upon rapid cooling it
first sets to a supercooled liquid at 78 K, which is then an-
nealed to the crystalline state upon slow warming to 210 K.
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Figure 12. Temperature dependence of the QS parameter of 4. The origi-
nal sample was rapidly quenched from room temperature to 78 K. Data
for the initial warming regime are indicated by open circles and the se-
quence by arrows. A second warming data set is represented by the filled
and half-filled circles. These data are considered identical within experi-
mental error. The low QS values are ascribed to a supercooled liquid
phase which converts to the stable crystallographic phase at about 200 K
(see text).

significantly smaller for 10 relative to 4, presumably due to
the presence of two rather than one electron-withdrawing
boryl substituents. The vibrational anisotropy observed for
the iron atom in 10 is illustrated in Figure 13. Especially at
higher temperatures, the Mdssbauer spectra show a temper-
ature-dependent intensity ratio R, which is related to the
change in the motional anisotropy [k*(x{)—k*(x})] of the
iron atom.”” On the other hand, the recoil-free fraction f is
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Figure 13. The k*(x*) parameter as a function of temperature for 10, as
discussed in the text. The filled circles are the average values determined
from the recoil-free fraction data. The triangles reflect the motion per-
pendicular to the local symmetry axis, and the stars that parallel to this
axis.

related to the average square of the motional amplitude by
the relation f=exp(—k*(x?), in which k is the wave vector
of the 14.4 keV radiation. Thus, from R and f it is possible
to calculate mean-square amplitude of vibration parallel and
perpendicular to the molecular symmetry axis, assuming
that k*(x;,) =1/3k°(x]) +2/3k*(x}) (cf. Figure 13). Below
170K the difference between [(x7)]"* and [(x{)]'* is small,
but it becomes appreciable at higher temperatures (e.g.,
0.12A at 190K, and 0.16 A at 210 K). Moreover, as illus-
trated in Figure 13, this anisotropy is a reflection of the
larger [(x?)]'"* term relative to [(x])]'* at higher tempera-
tures. In contrast to the 4/4a couple with rather similar QS
values, 10a has a QS value 0.257 mms™' larger than that of
the free Lewis acid 10. As was true for 10 and 4, the vibra-
tional anisotropy of the iron atom is somewhat larger in 10a
than in 4a. As for 4 it was not possible to obtain Mossbauer
spectra at temperatures above 230 K due to the liquid
nature of 10 at room temperature.

Compound 12: Because this compound melts to a red liquid
just above room temperature, MS data were acquired only
in the range 86 < T<273 K (Table 2), yet adequate tempera-
ture-dependent parameters could readily be extracted from
these measurements. The IS(T) plot is well fitted by a linear
regression (slope=—(4.024+0.11)x10* mms™' K™') with a
correlation coefficient of 0.997 for 13 data points. The corre-
sponding M., is 10441 Dalton. Likewise, the temperature
dependence of the recoil-free fraction is linear over the
whole temperature range. From these two slopes an effec-
tive lattice temperature as “seen” by the iron atom of 6=
97 K can be extracted. Moreover, data acquired in a warm-
ing/cooling cycle (between 90 and 273 K) show the MS hy-
perfine parameters to be completely reversible. A moderate
vibrational anisotropy is evident in the MS data; however,
because of the limitations in the accessible temperature
range we refrain from translating this into a quantitative
measure!” of the vibrational amplitudes parallel and per-
pendicular to the major symmetry axis passing through the
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metal atom. The magnitude of the QS parameter of 12
(1.891£0.004 mms ™" at 90 K) is the smallest observed for
the dimethylboryl complexes examined in this study. An in-
vestigation of the hypothetical DMAP tetraadduct 12a
would be desirable. Unfortunately we found this compound
experimentally inaccessible, because the ferrocene backbone
of 12 decomposed upon addition of 4 equiv of DMAP, as in-
dicated by NMR spectroscopy.

Quantum chemical calculations: We commence the theoreti-
cal part of the present study by a calibration of quantum
chemical methods for the description of molecular geome-
tries and donor—acceptor binding energies for the present
class of compounds. The results of these systematic bench-
marks and a detailed discussion are provided as Supporting
Information. In summary, notwithstanding some problems in
the description of B—N bond strengths, which strike all func-
tionals tested more or less equally and for which no cure is
evident at present, we found that the BP86/TZVP level in
combination with the Ahlrichs TZVP-J Coulomb fit basis is
a computationally efficient level of theory that performs
very well in predicting the structures of borylated ferro-
cenes. All results reported below were obtained at this level
of density functional theory by using its highly efficient im-
plementation in the TURBO-
MOLE program. The theoreti-
cal strategies employed in the
present study are detailed
below (see Experimental Sec-
tion and Computational Meth-
ods). Figure 14 illustrates key
geometric parameters discussed
in the following.

Computed redox potentials—
correlation with cyclic voltam-
metric and “’Fe Méssbauer data:
As a qualitative approximation
to assess the results from the
cyclic voltammetric  experi-
ments by quantum chemical
means, we computed the adia-
batic ionization potentials at
the BP86/TZVP/RI(TZVP-J) level employing the COSMO
continuum model (solvent dichloromethane, dielectric con-
stant at room temperature £¢=38.93). For parent ferrocene
we compute an adiabatic ionization energy (IE) of 5.14 eV,
which is used as reference in the following discussion. Intro-
duction of BMe, substituents into the ferrocene core leads
to an increase in the corresponding computed AIE (data rel-
ative to FcH=0.00eV: 4 0.15¢eV, 10 0.24 eV, 12 0.39 eV, see
Table 3). We assign this effect, which is also reproducible
with other substituents BRR’ (R, R"=Me, F, Cl, Br, I, OH;
see Table 3), to the m-electron-withdrawing nature of the
three-coordinate boron atom. The only exception is
FcB(NH,),, for which we find an IE of —0.09 eV relative to
FcH. Here, the electron deficiency of the boron atom is evi-

Figure 14. Illustration of geo-
metric parameters discussed in
the text, given for the example
of 1 and referred to in the
Supporting Information.
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Table 3. Adiabatic ionization energies (IE) computed from total energy
differences obtained at the BP86/TZVP/RI(TZVP-J)+ COSMO(CH,CL,
£=8.93) level of density functional theory for substituted ferrocenes
FcR. All calculations were performed without molecular symmetry (C)).
Experimental redox potentials (see text): 4: 0.09V, 4a: —0.40V, 10:
0.26 V, 10a: —0.66 V, 12: 0.39 V (in CH,Cl, vs FcH/FcH").

Species 1E AIE a* (neutral/ion) [°]
(Fc/Fc™)
[eV] [eV]

[FcH] 514 0.0
[FcBH,] (1) 548 034 25.1/5.0
[FcBMe,] (4) 529 015 13.2/3.6
[FcB(Me)Br] (3) 542 028 12.1/3.3
[FcB(Me)(OH)] (5) 519 005 6.112.2
[FcBF,] 545 031 10.5/2.8
[FcBCl,] 552 038 11.9/3.0
[FcBBr,] (2) 554 040 13.2/3.6
[FeBL,] 552 038 14.4/1.1
1,1'-[fc(BMe,),] (10) 538 024 10.7,10.2/2.3, 2.1
1,1',3,3"-[fc(BMe,),] (12) 553 039 (6.3,3.9)y (6.1, 3.5)/

(1.4,0.8)y (1.2, 0.9), 1
[FcB(NH,),] 505 —0.09 1.5/0.7
[Fc(BH,—pyridine)] 483 —031 0.1/2.7
[Fc(BMe,~DMAP)] (4a)™ 471 —043 —-3.2/0.0

1,1-[fc(BMe,~DMAP),] (10a) 4.54 —0.60

[a] a* values grouped in parentheses refer to upper and lower Cp rings,
respectively. [b] Data for the perpendicular conformer (see text). AIE for
the collinear conformer is —0.38 eV.

—22,-2.3/-04, —0.6

dently already fully compensated by the two m-electron-do-
nating NH, groups. This interpretation is in line with the
fact that we find in neutral [FcB(NH,),] only a minute dip
angle a*=1.5° and an almost planar B(NH,), moiety, which
is tilted by 24° out of the plane of the adjacent Cp ring.
Hence, it appears that the above-mentioned corresponding
properties of the 1,1'-[fc{B(NiPr,),},] derivative are not only
caused by steric bulk, but rather are a consequence of effi-
cient N—B m donation. The higher IE of 4 agrees nicely
with the experimental observation of an anodic shift of its
redox potential (E”=40.09 V) relative to the FcH refer-
ence. As stated above the QS of ferrocenes in Mossbauer
spectroscopy becomes smaller upon substitution by elec-
tron-withdrawing groups. The QS value of 4 (—0.109 mms™
at 90K vs FcH) thus correlates both with the calculated
AIE and the anodically shifted redox potential. Considering
also the di- and tetraborylated derivatives, common trends
become apparent 1) for redox potentials, which are shifted
to more positive values along the series FcH (E” =0.00 V),
4 (E"=+0.09V), 10 (E”=+026V), and 12 (E"=
+0.39 V), and 2) for the quadrupole splittings, which show a
corresponding decrease (Figure 15) from FcH (QS=
2418 mms™) to 4 (QS=2309mms™), 10 (QS=
2.082 mms™"), and 12 (QS=1.891 mms™"). Adduct forma-
tion of 4 and 10 with DMAP leads to a cathodic shift of the
redox potentials of 4a (E”=—-0.40 V vs FcH/FcH* or E” =
—0.49V vs 4/4%) and 10a (E”=-0.66 V vs FcH/FcH" or
E"=-0.92V vs 10/10*). This trend is well reproduced by
the calculated AIEs (4a: —0.43eV vs FcH/FcH* or
—0.58¢eV vs 4/47; 10a: —0.60 vs FcH/FcH™' or —0.84 eV vs
10/10%). Even though it has experimentally been established
that electron-donating substituents at FcH cause an increase
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Figure 15. Variation of the quadrupole splitting [mms~'] at 90 K with the
number of trimethylboron groups attached to the ferrocene backbones in
compounds 4, 10, and 12. The data point for n=0 is for parent ferrocene.

in the QS relative to ferrocene,*” the Mossbauer data ob-
tained here for 4a (QS=2.344mms™') and 10a (QS=
2.339 mms™") do not show any significant differences to FcH
(QS=2.418 mms™).

As a means to understand the trends observed in the pres-
ent Mossbauer measurements we used the qualitative Equa-
tion (1) established by Silver et al.,***! which relates the
quadrupole splitting of iron sandwich compounds to the iron
3d orbital population.

QS ~2p,—p, )

Given an orientation of the Fe—COG bond in (substi-
tuted) ferrocenes along the z axis, p; represents the collec-
tive electron population of the 3d,, and 3d,, orbitals, and p,
that of the 3d,. . and 3d,, orbitals. Essentially, an increase
in p, corresponds to stronger m donation from the Cp li-
gands to the metal, which gives rise to negative contribu-
tions to QS, whereas a larger p, value indicates weaker d
backbonding from the metal to the ligand (i.e., more density
remains at the iron atom), which leads to positive QS contri-
butions with twice the magnitude relative to p,.* Both p,
and p, are sensitive to substitution at the Cp rings, whereas
other iron valence orbitals (3d.., 4s, and 4p) are considered
to provide only negligible contributions to the QS.**)
Comparison of pf and pf¥ obtained for FcH with the p,
and p, populations in substituted ferrocenes leads to an ex-
pression for the corresponding changes in the QS according
to Equation (2).

AQS ~ Ap =2(p,—p3™) = (p1—pi") 2)

To allow for a consistent comparison of iron d orbital oc-
cupations, we oriented all optimized structures from the
TURBOMOLE BP86/TZVP/RI(TZVP-J)+ COSMO calcu-
lations of the neutral species considered in the following by
coordinate transformation in the same way (iron at the
origin, Fe—COG along the z axis, C;, in the yz plane) and
performed BP86/TZVP single-point calculations to obtain
the orbital populations by means of natural population anal-

ysis (NPA), as implemented in the Gaussian program.[*%!
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We note in passing that populations obtained from a Mullik-
en analysis gave nearly identical results for Ap. The results
obtained for Ap according to Equation (2) are listed in
Table 4. Although it is evident that no unique proportionali-
ty factor connects the computed Ap values with the experi-
mental QS data, the theoretical results qualitatively repro-
duce all experimentally observed trends when scaled uni-
formly by a factor of 2.052, obtained as the Ap/QS quotient
for parent ferrocene. In line with the trend observed for
measured QS values, successively smaller Ap,.q values are
found on going from FcH, 4, 10, to 12. Also the counterin-
tuitive finding mentioned above that the QS parameters for
4 and 4a are rather similar (AQS=0.035 mms"), while the
redox potentials differ by 0.49V, is well reproduced by
theory (AApgaea=0.037 and AAIE=0.58 eV). Further, for
the 4a/10a couple we find an identical Ap,,.q Of 2.408 and a
difference in AIE of 0.17 eV, which nicely fits the experi-
mental findings (AQS=0.005mms™" and a difference in
redox potential of 0.26 V).

The opposite trends visible in the computed populations
p1 and p, (Table 4) allow for a qualitative interpretation of
the binding situations in borylated ferrocenes: With increas-
ing number of electron-withdrawing boryl substituents in
the series FcH, 4, 10, 12, the electron-acceptor capability of
the Cp rings is gradually increased. Accordingly, in this
series iron—Cp & backbonding becomes stronger, as clearly
indicated by the decreasing p, population. By the same
token, the degree of Cp—iron m donation increases, which
is reflected in the gradually increasing p, populations. The
increase in p,, however, amounts to merely one-third of the
decrease in p,. Thus, the changes in the electronic environ-
ment about iron visible in the QS values in this series are a
consequence of a gradual improvement in ¢ backdonation.
The improvements in t donation are significantly less pro-
nounced.

Selected charges obtained from an NPA on neutral and
ionized FcH, 1, and the pyridine adduct la are listed in
Table 5. For the parent ferrocene, the removal of one elec-
tron leads to an increase of positive charge at the iron atom
by about half an electron (0.45¢), and the group charges on
both Cp rings increase uniformly by 0.28e. Upon ionization
of 1 the charge at iron increases by 0.43e and that of the un-
substituted Cpy, ring by 0.22e. The substituted Cpg ring con-
tributes only 0.14e, and, significantly, 0.19¢ are removed
from the boron atom. This picture changes in the presence
of a coordinating pyridine group (1la): while the charge on

Table 5. Charges derived from NPA analysis of neutral and ionized FcH,
1, and 1a. The analysis was performed with the NBO routines imple-
mented in Gaussian03 at the BP86/TZVP level on optimized geometries
obtained at the BP86/TZVP/RI(TZVP-J)+ COSMO(CH,Cl,, £¢=8.93)
level with the program TURBOMOLE.

q(Fe) q(Cpy)™ q(Cps)®! q(B) q(Py)
FcH 0.18 —0.09 —0.09 - -
FcH* 0.63 0.19 0.19 - -
Aq 0.45 0.8 0.28 - -
1 021 0.00 —031 021 -
1* 0.64 022 —0.17 0.40 -
Aq 0.43 022 0.14 0.19 -
1a 0.20 ~0.10 ~035 ~0.03 033
1la* 0.64 0.13 —0.12 ~0.06 0.42
Ag 0.44 023 023 ~0.03 0.09

[a] Group charges (sum over charges of all constituting C and H atoms)
for the substituted (Cps) and unsubstituted (Cpy) Cp ring systems.

iron is again increased by 0.44e, both Cp rings now contrib-
ute uniformly 0.23e to the ionization, whereas only negligi-
ble changes occur for the charge at the boron atom. The
pyridine group apparently compensates the higher charge
deficiency at boron in the ion, as documented by its in-
creased charge after ionization (by 0.09¢). Apparently, it is
possible to decouple the boron atom quite efficiently from
the ionization process by coordination with an N-donor
base. The fact that the ionization potential of [FcB(NH,),] is
very similar to that of parent ferrocene indicates that the
same effect can also be accomplished by appropriate choice
of the donor substituents at boron to efficiently compensate
the electron deficiency at boron. The similarities in the com-
puted charge distribution in neutral and cationic 1la and
FcH, respectively, indicate that such decoupling essentially
leads to species with electronic (and electrochemical) prop-
erties very similar to parent ferrocene. This view is support-
ed by the observed similarities in the QS for neutral FcH,
4a, and 10a. In this context, we attribute the finding of
much lower ionization potentials compared to ferrocene or
[FcB(NH,),] for the N-donor-substituted species 1a, 4a, and
10a to the better distribution of charge over the entire,
larger molecule. For all three species investigated, ionization
leads to the removal of about half an electron from the iron
atom, which is the largest observed change in charge distri-
butions and quite independent of the presence of substitu-
ents or N-donor groups. We consider the substantial de-
crease in bending upon ionization observed for all relevant
species (see Table 3) a consequence of the constantly in-

Table 4. Correlation of the d orbital population at iron in substituted ferrocenes from natural population analyses and the experimentally determined

quadrupole splitting (see text).

a,'(dp) e,"(d,.) e/"(d,;) &) (de_y) €,"(dy) P P2 ApH! Aped™ Qs
FcH 1.960 1.049 1.049 1.765 1.765 2.098 3.530 4.962 2418 2418
4 1.951 1.061 1.060 1.714 1.779 2.121 3.493 4.865 2.371 2.309
10 1.950 1.070 1.062 1.725 1.738 2.132 3.463 4.794 2.336 2.082
12 1.946 1.066 1.074 1.692 1.728 2.140 3.420 4.701 2.291 1.891
4a 1.959 1.048 1.057 1.767 1.756 2.105 3.523 4.942 2.408 2.344
10a 1.963 1.048 1.054 1.762 1.760 2.102 3.522 4.942 2.408 2.339

[a] Data computed according to Equation (2). [b] Proportionality factor 2.052 obtained as Ap/QS for parent ferrocene.
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creased electron deficiency of the iron center in all ionized
species, so that the electron deficiency at boron cannot be
satisfied anymore by orbital or electrostatic interactions,
which lead to bending in the neutral compounds (see
below). We conclude from this section that, in the presence
of a coordinating N-donor group, the boron atom does not
contribute to the redistribution of charge in ionization pro-
cesses, while its electron deficiency controls the ionization
potential of substituted ferrocenes.

Analysis of the nature of bending in borylated ferrocenes: As
a tentative explanation for the out-of-plane bending ob-
served in borylated ferrocenes [FcBX,], direct iron-boron
interactions have been proposed, but previous experimental
and theoretical work has been inconclusive in this respect.[*”]
To gain deeper insight into the nature of these hypothetical
interactions, we performed a Bader analysis of the electron
density topology for the model complex [FcBH,] (1).
Figure 16 shows the Laplacian of the electron density distri-

Figure 16. Laplacian of the electron density, zero-flux surface sections,
and bond paths in the Fe-C;,,-B plane of the model complex FcBH, (1)
obtained from BP86/TZVP calculations.

bution in the Fe-C,,-B plane. Despite careful searching, no
bond critical point between iron and boron was identified.
In fact, the analysis unambiguously reveals that there is no
common zero flux surface joining the iron and boron atomic
basins. In other words, according to the quantum theory of
atoms in molecules, there is no sign of covalent iron-boron
bonding in 1.

To identify potential alternatives for understanding the
nature of the experimental findings one must first assess the
scale of the energetic consequences of the out-of-plane
bending. To this end we performed relaxed potential energy
scans for the bending in [FcBH,] (1), and in the two frag-
ments [Fe(CpBH,)]" and [CpBH,] . In these calculations
we incrementally varied the bending angle Fe-C;,-B, which
corresponds to a systematic variation of the dip angle a*.
The potential-energy curves obtained are shown in
Figure 17. For the bending potential of the [CpBH,]|~ frag-
ment, we first note a rather shallow potential for the varia-
tion of a*. In line with a low Cp—BH, out-of-plane bending
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Figure 17. BP86/TZ2P (ADF) relaxed potential energy scan of the bend-
ing angle a* in [CpBH,] ", [Fe(CpBH,)], and [FcBH,] (1).

frequency (239 cm™'), a deviation of 30° from the planar
equilibrium geometry raises the energy by merely
4.5kcalmol™. An even shallower potential results for the
bending motion in [Fe(CpBH,)]* (Figure 17). Its minimum
structure exhibits a significant dip angle a* of 7.5° but it is
stabilized by only 0.2 kcalmol ' with respect to the planar
geometry. Correspondingly, an a* of +30° leads to a very
small energy increase of 2.0 kcalmol !, and the associated
out-of-plane bending frequency is significantly lowered
(130 cm ™). Also for 1 an equally weak bending potential re-
sults (Figure 17). In the optimized minimum structure, the
boryl group is now bent substantially towards the iron
center by about 25°. The energy difference to the planar
structure, however, is again only 2.0 kcalmol™'. Frequency
analysis on minimum 1 gave 106 cm™' for the out-of-plane
bending vibration. Starting from the minimum, a further in-
crease of a* leads to a somewhat steeper repulsive potential
than in [Fe(CpBH,)]* due to the presence of the second
Cp~ ring. However, even the heavily distorted structure
at the end of the scan (a*=50°, Fe—B 2.240 A) is just
8 kcalmol ™ higher in energy. Taken together, from this sub-
section it becomes immediately clear that the energetic ef-
fects underlying the experimentally observed deviations
from planarity for the borylated ferrocenes under study are
of rather small magnitude.

To further understand the changes in electronic structure
accompanying bending, we performed NPAs for several
points along the scan of 1 (Table 6). According to the NPA
a small amount of charge is transferred onto the BH, group
as it is bent towards the iron atom, for example, 0.09¢ in the
minimum structure (a*=26°) and 0.22¢ at the limit of the
scan (a*=45°). This charge stems mainly from the Cj,,
atom and the unsubstituted Cp ring, which donates up to
0.1e to the boron group. The iron atom is hardly involved at
all in the overall charge redistribution, which is in line with
the finding of rather constant IS values in the Mdssbauer
spectra of FcH and 4 presented above. Thus, bending results
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Table 6. NPA analyses of several points along the angle bending scan of 1 (BP86/TZVP). Charge differences relative to the planar structure are given.

a*

45°

40°

[b]

35° 31° 26° 21° 16° 12° 7° 2° q
Cpl 0.10 0.08 0.06 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00
CpBH," —0.04 —0.03 —0.03 —0.02 —0.02 —0.01 —0.01 —0.01 0.00 0.00 —-0.21
Cipso 0.15 0.12 0.10 0.08 0.06 0.05 0.03 0.02 0.01 0.00 —0.37
BH,"! —0.22 —0.18 —0.15 —0.12 —0.09 —0.07 —0.05 —0.03 —0.01 0.00 0.10
Fe —0.06 —0.05 —0.03 —0.02 —0.02 —0.01 —-0.01 0.00 0.00 0.00 0.21

[a] Charge differences based on group charges given as the sum of charges of all constituting atoms. [b] Total charges obtained for the minimum struc-

ture.

essentially in a polarization of charge within the Cp—BH,
moiety.

Some degree of iron-boron interaction can be identified
in a Wiberg bond-order analysis:*! The Fe—B bond order
increases from 0.12 (planar structure) to 0.18 in the mini-
mum structure to 0.22 at the limit of a*=45°. To put this
result into perspective we note that the Fe—C;,, bond order
is somewhat larger (0.28), but remains constant upon bend-
ing. According to these results, the iron-boron interaction in
the minimum structure amounts to about two-thirds of the
iron—carbon interaction. Indeed, similar findings in the con-
text of Mayer bond orders led Appel etal. to propose a
direct iron-boron bonding interaction.” In the analysis of
natural bond orbitals (NBOs), however, we do not find any
particular orbital corresponding to a direct Fe—B bond. In-
stead, after involving an orbital localization procedure based
on NBOs, the only significant interaction of these two atoms
is found in a three-center natural localized molecular orbital
(NLMO) distributed over Fe, C,,, and B (Figure 18). Note,

Figure 18. Three-center bonding NLMO involving Fe, C;,, and B ob-
tained from an NBO analysis for the model complex 1.

however, that we found in additional calculations that the
use of different methods or basis sets results in somewhat
different orbital compositions, which clearly indicates some
ambiguity in the concept of orbital localizations within the
NBO framework. Hence, notwithstanding the intuitively ap-
pealing outcome, this result cannot be seen as a rigorous
basis for interpretation of the binding situation. All in all,
also in view of our findings arising from the Bader analysis,

596 —— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

we refrain from correlating the NBO results with direct co-
valent iron-boron bonding at this point. The bonding situa-
tion appears to be better described as a strongly delocalized,
multicenter bonding interaction involving Fe, C,,, and B of
the Cp—BH, moiety.

A comparison of canonical Kohn—-Sham molecular orbitals
of the parent ferrocene with those of its borylated derivative
1 reveals some interesting trends in the energetic ordering.
Figure 19 shows a qualitative correlation of valence orbitals
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Figure 19. Correlation diagram for selected MOs in ferrocene (C, repre-
sentation of the Dj,-symmetric MOs of ferrocene, left) and 1 (right).
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in the Ds, symmetric minimum structure of ferrocene with
those of 1, for which C, symmetry was enforced to facilitate
the analysis. Apart from a general energetic lowering of the
orbitals in 1 induced by the presence of the boryl group, we
note an additional stabilization of all a’ relative to a” va-
lence orbitals. In 1, the formally unoccupied p, orbital at
boron (i.e., the p orbital perpendicular to the plane of the
adjacent Cp ring) and the C;,,—B bond orbital are symmet-
ric with respect to the molecular mirror plane and thus of a’
symmetry. In particular the HOMO-2 a’ orbital experiences
a strong stabilization, which can be attributed to a construc-
tive interaction of the d,, orbital at iron with the p, orbitals
making up the local  bond between C,,,, and B. Similar in-
teractions can be identified for the a’ symmetric orbitals
HOMO-1 and HOMO-6. Notably, the unsubstituted Cp
ring participates significantly in the Aufbau of the
HOMO-—4 orbital (Figure 20), such that in principle a direct

3;52\3;‘;:\3‘{?‘«#“
- R =

HOMO (") HOMO-1 (2) HOMO-2 (1) HOMO -3 (2")
£ -
HOMO -4 (2) HOMO -5 (a") HOMO -6 (a) HOMO -8 (2)

Figure 20. Molden™ plots of selected valence MOs for 1.

constructive interaction between the formally empty p, orbi-
tal at boron with the C center of the unsubstituted Cp
ring is involved. Here, the iron contributes only a small
amount of antibonding 4p character. From Figure 19 it be-
comes clear that this through-space type of interaction in 1
arises as a mere consequence of the orbital structure of
parent ferrocene, in which a similar type of delocalized in-
teraction is present in the corresponding a’-symmetric orbi-
tals. In HOMO—4 and HOMO-6 of 1 this delocalization is
visibly extended to involve the boryl & system. This picture
lends weight to the interpretation of strongly delocalized or-
bital interactions being responsible for the bending in bory-
lated ferrocenes. The only localized direct iron-boron inter-
action is visible in HOMO-2, with only minor contributions
of the boron p, orbital.

A Walsh diagram illustrating the changes in MO energies
upon systematic variations of a* in 1 is shown in Figure 21.
Consistent with the discussion above, we note a much stron-
ger dependence on a* for the symmetric a’ orbitals than for
a” orbitals. These effects are particularly prominent for the
HOMO-2 orbital, which is strongly stabilized upon bend-
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Figure 21. Walsh diagram illustrating the changes in MO energies upon
systematic variation of a* in 1 (obtained at the BP86/TZ2P level). See
Figures 5 and 6 for the numbering scheme of orbitals.

ing. The HOMO-8 orbital, on the other hand, experiences
a similarly strong destabilization with increasing a*. While
these two orbitals dominate the picture for the a*=>50°
limit of the scan, the stabilization of the HOMO—6 orbital
is equally strong as that of HOMO-2 in the minimum struc-
ture (a*=26°). In summary, the qualitative picture arising
from this analysis intuitively renders these two orbitals the
root of attractive interactions responsible for the observed
bending. This stabilization is evidently counterbalanced by
the destabilization of the C;,,—B o-bonding orbital
(HOMO-38) upon bending.

As an extension of these qualitative arguments, which are
essentially based on an orbital overlap picture, we per-
formed an energy partitioning analysis (EPA) as implement-
ed in the ADF program. For this analysis we divided 1 into
the fragments [FeCp]* and [CpBH,| ™. Both are treated as
singlet states and the analysis was performed under C, sym-
metry constraints. The changes in the relative energy contri-
butions upon systematic variations of a* shown in Figure 22
clearly reveal that stabilizing orbital contributions to the
bending arise from the a’ set of orbitals, while a” contribu-
tions remain essentially constant and thus cannot be respon-
sible as a driving force for bending. This is in agreement
with the qualitative conclusions drawn above from the
Walsh diagram. A similarly strong contribution originates in
the electrostatic term FEg;¢parr Destabilizing contributions
stem from the Pauli energy term Epsy;; and from the prepa-
ration energy. The latter term arises almost completely from
distortion of the [CpBH,]™ fragment in the complex. From
this analysis we conclude that the driving force for bending
is rooted in the stabilization of a’ orbitals as well as in signif-
icantly enhanced electrostatic interactions.
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Figure 22. Differential changes in energy contributions from the energy partitioning analysis (EPA) upon variation of a* in 1 (left) and [FeCpBH,]*

(right) based on BP86/TZ2P results.

To assess the energetic contributions of the second Cp
ring to the bending potential, we also performed a corre-
sponding energy partitioning analysis for the [FeCpBH,]*
subunit, which was divided into CpBH,~ and Fe’*. For the
latter fragment, the closed shell (d..)%, (d._,:)% and (d,.)* ref-
erence electron configuration was employed, which consti-
tutes a highly excited state for the bare Fe?* ion, but serves
here as a reasonable valence state of Fe’™ in the
[FeCpBH,]* complex to obtain relative EPA energy contri-
butions during a scan of a*. For the evaluation of the prepa-
ration energy term Epgpp however, the correct 3d® (°D) con-
figuration was employed.” The results are shown in
Figure 22. Interestingly, we find entirely different trends for
the respective energy components compared to 1. Most
strikingly, the differential Eg;grar contributions here do not
add to the stabilizing factors of the bending. In fact, in sharp
contrast to our findings for 1, up to a*=30° the differential
Pauli contributions are the only stabilizing factor. From
a*=35° onwards the AEygg(a’) term is strongly stabilizing,
the Epsyu term becomes destabilizing, whereas AEqgg(a”)
and Eggrar show only negligible contributions. The Epggp
term is destabilizing along the entire scan. While the reasons
for the pronounced qualitative differences in the EPA re-
sults for 1 and its [FeCpBH,|* subunit are hard to rational-
ize (this is particularly true for the peculiar shape of the
Epaurs curve), we note that the overall differential contribu-
tions of all constituent energy terms are less than
5 kcalmol ™! for the range of a*=0-30° and are thus of lim-
ited importance. On the basis of these analyses, however, we
feel safe to state that the second Cp ring in 1 contributes sig-
nificant electrostatic factors favoring bending of the boryl
substituent.

5908 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In the overall picture arising from our analysis, the bend-
ing cannot be understood in terms of direct bonding interac-
tions involving the boryl group and the iron center; on the
basis of a Bader electron topology analysis we can safely ex-
clude such a direct bond. Based on in-depth investigations
on our computational model for borylated ferrocene 1, our
analysis rather indicates that the bending is rooted in several
contributions. We identified two apparently cooperative fac-
tors giving rise to bending in this class of organometallic
compounds: Two MOs of a’ symmetry (HOMO-2 and
HOMO-6) experience a substantial lowering of energy
upon bending. These orbitals represent covalent contribu-
tions to bending involving 1) a strongly delocalized interac-
tion of both Cp rings, which is effectively mediated by the
d,, orbital at iron (HOMO-6); and 2) a rather localized in-
teraction of the d._,. orbital at iron and the C,—B @
system (HOMO-2). Both orbitals, however, are already
present in parent ferrocene and contain only limited contri-
butions from the formally empty p, orbital of the boron sub-
stituent. The most significant interaction involving the
boron p, orbital as part of the C;,,,~B m system is present in
HOMO-—4, which represents a delocalized through-space in-
teraction with the second Cp ring without involvement of
iron orbitals; a minor contribution of the iron 4p, orbital to
this MO is antibonding in nature. HOMO—4, however, does
not experience any significant energy lowering with increas-
ing dip angle a* and is therefore unlikely to be the origin of
the observed bending. As a second and, according to the
EPA, equally important factor we identified electrostatic in-
teractions, which are enhanced substantially upon bending.
These interactions depend essentially on the presence of a
second Cp ring. Contrary to chemical intuition, NPA analy-
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ses indicate that bending is not accompanied (or caused) by
any significant charge transfer from the metal to the elec-
tron-deficient boron center. Instead, a reorganization of
charge within the CpBH, ™ moiety is observed which leads to
a flow of charge from the C,,, center to the BH, group. The
NPA results indicate a constant electron density about the
iron center which is unaffected by the electronic situation of
the boryl substituent. This picture is in line with the IS
values measured in our Mossbauer study on the present set
of compounds bearing one, two, or four BMe, groups.

Conclusion

This paper presents a joint crystallographic, electrochemical,
and Mossbauer spectroscopic study on selected derivatives
of mono-, di-, and tetraborylated ferrocenes [FcB(R')(R?)],
1,1-[fce{B(R)(RH},] (R', R*=Br, Me, OH, OMe), and
1,1',3,3'-[Fe{CsH;(BMe,),},]. The results obtained are put
face-to-face with detailed DFT calculations, which include
the hypothetical parent compound [FcBH,], even though it
is not experimentally accessible. As a common feature of all
molecular structures investigated, the three-coordinate boryl
substituents are bent out of the plane of the adjacent cyclo-
pentadienyl ring towards the iron atom. For a quantitative
assessment of ligand bending we used the dip angle a*=
180°~a, where a is defined as the angle COG-Ci,,-B
(COG: geometric center of the Cp carbon atoms). As a gen-
eral rule, a* tends to decrease with decreasing Lewis acidity
of the boron atom, as well as with increasing degree of bor-
ylation at the ferrocene core. A similar structural motif is
also clearly visible in all structures obtained from quantum
chemical calculations, even though we do not always find a
full quantitative agreement between theory and experiment.
Nevertheless, the systematic trend in a* values as a function
of the Lewis acidity of the boryl groups is well reproduced
by density functional calculations. This leads to the conclu-
sion that ligand bending is not merely an artifact of crystal
packing, but is rooted in the electronic structure of the indi-
vidual molecules. However, since the potential-energy sur-
face associated with changes in the dip angle is apparently
very shallow, solid-state effects may well have some non-
negligible influence on «*, which in turn may account for
the deviations between theory and experiment visible in the
quantitative description of the phenomenon.

At first, we hypothesized about Cp—B(R!)(R?) bending as
originating from a direct interaction between filled d-type
orbitals at iron and the empty p orbital at boron. However,
a Bader analysis of the electron density topology for the
model complex [FcBH,] (1), which exhibits a pronounced
bending of a*=26.5° at the BP86/TZVP level, clearly shows
that there is no direct iron-boron bonding in 1. Further de-
tailed analysis rather reveals that two cooperative factors
exist that are responsible for ligand bending. We identified
several orbital interactions of delocalized nature that in-
volve the formally empty p orbital at the boryl substituent,
Cipso Of the adjacent Cp ring, d orbitals at iron, and also a
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significant through-space interaction with the second Cp
ring. As a second and, according to our analysis, equally im-
portant factor, we identified electrostatic interactions, which
are enhanced substantially upon bending and which depend
critically on the presence of the second Cp ring.

Apart from the structural features of ferrocenylboranes,
we are particularly interested in their electrochemical be-
havior and potential use for the development of novel elec-
tron-transfer reagents. Thus, the series [FcBMe,] (4, E” =
+0.09 V vs FcH/FcH™), 1,1'-[fc(BMe,),] (10, E”=+0.26 V)
and 1,1',3,3-[Fe{CsHi(BMe,),},] (12, E”=+40.39 V) was in-
vestigated by cyclic voltammetry. Our study reveals that the
introduction of BMe, substituents into the ferrocene core in-
creases the oxidation potential of the central iron atom. This
anodic shift, which is apparently additive, can be attributed
to the m-electron-withdrawing nature of three-coordinate
boryl groups. Most importantly, the addition of 4-dimethyl-
aminopyridine (DMAP; 1 equiv for 4, 2 equivs for 10) with
subsequent B—N adduct formation does not just neutralize
this effect but leads to a cathodic shift of the Fe/Fe™ redox
transition far beyond the half-wave potential of parent ferro-
cene [E°(4a)=-0.40V, E”(10a)=-0.66 V vs FcH/FcH*].
It is noteworthy that the diadduct 10a is as easy to oxidize
as decamethylferrocene, which is one of the most prominent
electron donors for the generation of organometallic charge-
transfer salts. Cyclic voltammetry was augmented by DFT
calculations, including solvent simulations, on the adiabatic
ionization energies (IEs) of 4, 10, 12, 4a, and 10a. In all
these cases we find an excellent correlation between the ex-
perimentally obtained E® values and the calculated IE data.

To get further insight into the charge-density flow within
the ferrocene backbone upon introduction of BMe, or
BMe,—DMAP substituents, the series 4, 10, 12, 4a, and 10a
was also investigated by Mossbauer spectroscopy. As expect-
ed, only negligible differences in the isomer shift (IS) of the
borylated species and parent ferrocene are observed. The
quadrupole splittings (QS), however, become significantly
smaller upon going from 4 (2.309(4)mms™') to 10
(2.082(4) mms™") and 12 (1.891(4) mms™"). These results are
in agreement with previous findings which indicated that
electron-withdrawing substituents at ferrocene cause a de-
crease in QS. Electron-donating substituents, on the other
hand, tend to cause an increase in the quadrupole splitting
relative to ferrocene (QS=2.37 mms™'). In contrast to a
priori expectations, the QS values of 4a (2.344(3) mms')
and 10a (2.339(4) mms™') do not differ significantly from
that of ferrocene despite the low oxidation potentials and
ionization energies found for these B—N adducts. Based on
an empirical correlation between the d orbital populations
and the QS, we have rationalized the experimentally ob-
served trends in the QS data for these species in terms of
changes in the Cp—Fe bonding features of ferrocene result-
ing from different degrees of borylation. Furthermore, by
comparison with parent ferrocene, we found for the model
compounds 1 and the pyridine derivative 1a that the ioniza-
tion process removes about half an electron from the iron
atom, which is the largest charge difference uniformly for all
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three species. Notably, the charge of the boron atom in
three-coordinate 1 is increased by 0.2e upon ionization,
whereas no change is seen at boron after ionization of 1a.
With this result, we interpret the experimentally observed
trends in the redox potentials as follows: for borylated ferro-
cenes such as 4, 10, and 12 the electron deficiency at the
three-coordinate boron center(s), which can be modulated
by choice of appropriate substituents at boron, leads to an
increase in the ionization potential of the complexes with re-
spect to ferrocene. This is a result of the m-electron-with-
drawing nature of the boryl substitutents. In the presence of
coordinating Lewis bases or strong st donors at boron (e.g.,
[FcB(NH,),]), however, the boron atom is effectively decou-
pled from the ionization process, and the redox potentials of
the resulting complexes are equal to or even lower than that
of ferrocene itself. Hence, cyclic voltammetry can be regard-
ed as an analytical tool for the identification of base adducts
in such complexes. Furthermore, given the constantly good
agreement (within 0.1 V) between theory and experiment
observed for all species under investigation, it appears possi-
ble to predict the redox properties of related complexes a
priori, which opens the way to a rational design of tailor-
made redox-active ferrocenoid complexes with fine-tuned
redox potentials. However, careful benchmarking is always
required to obtain reliable results. In the present study we
have documented by comparison with high-level post-HF re-
sults that the DFT approximations presently in use can fail
miserably in the description of N-donor/B-acceptor bond
strengths. Notwithstanding these problems, which need to be
identified for every new class of molecules by adequate
scrutiny prior to any predictive application, we clearly dem-
onstrated that DFT calculations are a reliable tool with pre-
dictive capabilities for the description of demanding elec-
tronic situations as are present in borylated ferrocenes with
their very subtle electronic and/or structural properties.

Experimental Section and Computational Methods

General remarks: All reactions and manipulations of air-sensitive com-
pounds were carried out in dry, oxygen-free argon using standard Schlenk
ware. Solvents were freshly distilled under N, from Na/benzophenone
(benzene, toluene) or Na/Pb alloy (hexane) prior to use. NMR: Bruker
DPX 400, Bruker DPX 250. "B NMR spectra are reported relative to ex-
ternal BF;-Et,0. Unless stated otherwise, all NMR spectra were recorded
at ambient temperature; abbreviations: s=singlet, d=doublet, tr=trip-
let; vtr =virtual triplet; n.o.=signal not observed; n.r.=multiplet expect-
ed but not resolved. FcSnMe;®! and compounds 2,l' 3,1 4,11 435 g2
10, and 10a® were synthesized according to literature procedures.

Preparation of 5: Triethylamine (0.19 g, 1.88 mmol) and water (0.10 g,
5.55 mmol) were added dropwise with stirring at ambient temperature to
a solution of 3 (0.54 g, 1.86 mmol) in benzene (6 mL). The solution was
stirred for 1 h. After the benzene had been removed in vacuo, hexane
(15 mL) was added to the residue, and the resulting slurry cooled to
—40°C for 6 h. After filtration from triethylammonium bromide, all vola-
tiles were driven off from the filtrate under reduced pressure to leave
behind a pale yellow microcrystalline solid. Yield: 0.19 g (45%). Single
crystals of 5 formed serendipitously from the crude oily compound
[FcBMe,] (4) upon prolonged exposure to air. "B NMR (128.4 MHz,
CDCl;): 6=49.6 ppm (hy,=250 Hz); '"H NMR (250.1 MHz, CDCl,): 6=

600 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0.62 (s, 3H; CHy), 410 (s, SH; CHy), 433, 445 (2vtr, J(H,H)=
‘JHH)=18Hz, 2x2H; CsH,), 492ppm (s, 1H; OH); “"CNMR
(62.9 MHz, CDCL): d=n.0. (CH,), 68.5 (CsHy), 72.9, 73.3 ppm (CsH,),
n.o. (CsHy-ipso); elemental analysis caled (%) for C;;H;;BFeO (227.87):
C 57.98, H 5.75; found: C 57.51, H 5.49.

Preparation of 6: MeOSiMe; (1.56 g, 14.97 mmol) was added by syringe
to a suspension of 2 (2.13 g, 5.99 mmol) in pentane (20 mL) at —78°C.
The mixture was allowed to warm to room temperature and stirred for
30 min. All volatiles were removed in vacuo. Distillation of the crude
product gave 6 as an orange solid. Yield: 1.45g (94 %). X-ray quality
crystals were obtained by sublimation under reduced pressure. ''B NMR
(128.4 MHz, CDCly): 6=30.0 ppm (/,,,=160 Hz); '"H NMR (250.1 MHz,
CDCly): 6=3.75 (s, 6H; CH;), 4.15 (s, 5H; CsHs), 4.38, 4.44 ppm (2n.1.,
2x2H; CsH,). "CNMR (100.6 MHz, CDCL): 6=52.0 (CH;), 68.5
(CsHs), 71.8, 74.4 ppm (CsH,), n.o. (CsH,-ipso); elemental analysis calcd
(%) for C,H;sBFeO, (257.90): C 55.88, H 5.86; found: C 55.51, H 5.58.

Preparation of 7: A solid mixture of 2 (0.07 g, 0.20 mmol) and [FcSnMes]
(0.07 g, 0.20 mmol) was dissolved in C;D4 (1 mL) in an NMR tube, which
was cooled to liquid-nitrogen temperature, evacuated, and sealed. The re-
action mixture was allowed to warm to ambient temperature, whereupon
a colorless precipitate formed (Me;SnBr). The NMR tube was turned
bottom up, and the solid separated from the mother liquid by centrifuga-
tion. After NMR investigation, the NMR tube was opened under inert
gas, and all volatiles removed in vacuo to yield a red microcrystalline
solid. Yield: 0.06 g (65%). X-ray quality crystals were obtained from tol-
uene upon slow evaporation of the solvent in vacuo. "B NMR
(128.4 MHz, C¢Dy): 6=55.3 ppm (h,,=450 Hz); '"HNMR (250.1 MHz,
CDg): 0=4.00 (s, 10H; CsHs), 4.43, 4.71 ppm (2vtr, *J(HH)=*J/(H,H) =
1.8 Hz, 2x4H; CsH,); "C NMR (62.9 MHz, C,D): 6=70.2 (CsHs), 75.4,
77.0 ppm (CsH,), n.o. (CsHy-ipso). Compound 7 is very sensitive to air
and moisture; a correct elemental analysis was therefore not obtained.
Preparation of 11: MeOSiMe; (3.78 g, 36.27 mmol) was added by syringe
to a solution of 8 (3.86 g, 7.35 mmol) in toluene (30 mL) at —78°C. The
mixture was allowed to warm to room temperature and stirred for
30 min. All volatiles were removed in vacuo. X-ray quality crystals were
obtained by recrystallization of the crude product from hexane. Yield:
1.79¢g (74%). "BNMR (128.4MHz, CDCl): 6=30.0ppm (h,=
210 Hz); '"HNMR (250.1 MHz, CDCly): 6=3.74 (s, 12H; CH;), 4.35,
442 ppm (2vtr, J(HH)="1(HH)=15Hz, 2x4H; CH,); "CNMR
(100.6 MHz, CDCl;): 6=51.9 (CH;), 72.1, 74.7 ppm (CsH,), n.o. (CsH,-
ipso); elemental analysis caled (%) for C,,H,B,FeO, (329.77): C 50.99,
H 6.11; found: C 50.73, H 5.92.

Preparation of 12: Neat 1,1',3,3'-[Fe{CsH;(BBr,),},]*" (0.70 g, 0.81 mmol)
was cooled to —30°C. Neat SnMe, (1.30 g, 7.27 mmol) was added with
gentle stirring by syringe. The mixture was allowed to warm to room tem-
perature and heated to 80°C for 2 h. All volatiles were removed in vacuo
while the mixture was still hot. Sublimation of the residue at 60°C/
107 Torr gave dark red X-ray quality crystals. Yield: 0.25g (89%);
UBNMR (1284 MHz, C;Dy): 6=748ppm (h,,=310Hz); 'HNMR
(400.0 MHz, C¢Dy): 6=0.88 (s, 24 H; CH,), 4.48 (d, 4H; */(H,H)=1.2 Hz,
CsHy), 4.56 ppm (tr, */(H,H)=1.2 Hz, 2H; CsH;); “C NMR (100.6 MHz,
CDCLy): 6=11.5 (CH,), 81.1, 82.4 ppm (CsH,), n.o. (CsHs-ipso); elemen-
tal analysis calcd (%) for C;gH;,B,Fe (345.51): C 62.57, H 8.75; found: C
62.05, H 8.51.

X-ray crystal structure analyses: Crystals of 3, 4, 4a, 5, 6, 7, 9, and 11
were measured on a STOE IPDS II two-circle diffractometer with graph-
ite-monochromated Moy, radiation. An empirical absorption correction
was performed by using the MULABSP” option in the program
PLATON.P!! Compound 12 was measured on a Siemens SMART CCD
diffractometer with graphite-monochromated Moy, radiation. A numeri-
cal absorption correction was performed by using the program
SHELXTL.® All structures were solved by direct methods using the
program SHELXSP? and refined against /> with full-matrix least-squares
techniques with the program SHELXL. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms,
except those of the disordered methyl group in 3, were located by differ-
ence Fourier synthesis and refined using a riding model. The methyl and
OH groups were allowed to rotate but not to tip. The methyl group and
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the Br atom of 3 are disordered. The Br/CHj; ratio is 0.681(3)/0.319(3) on
one position and 0.319(3)/0.681(3) on the other. Similarity restraints were
used for the displacement parameters of these atoms. CCDC-242167 (3),
CCDC-242165 (4), CCDC-242168 (4a), CCDC-242164 (5), CCDC-
242170 (6), CCDC-242169 (7), CCDC-242166 (9), CCDC-242171 (11),
and CCDC-242172 (12) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).

Electrochemical measurements: Cyclic voltammetry was performed in
CH,Cl, containing NBu,PF, (0.1 moldm™) as supporting electrolyte. All
potentials are relative to the FcH/FcH* redox couple. Voltammetric
scans were referenced by addition of a small amount of ferrocene as in-
ternal standard at an appropriate time of the experiment. The cell for
electrochemistry measurements was designed as detailed in ref. [55]

Maossbauer spectroscopy: The details of *’Fe temperature-dependent
Mossbauer spectroscopy have been described earlier.**** In the present
study, due to the air and moisture sensitivity of the compounds, sample
transfer to perspex sample holders, lubricated with high-temperature sili-
cone grease and sealed with O-rings, was effected in an inert-atmosphere
glove box (VAC model DLX-001-S-P) having a oxygen partial pressure
of less than 0.5 ppm and less than 1 ppm H,O. Since 4 is a low-melting
semisolid at room temperature, and 10 is a liquid, both compounds were
transferred by capillary pipette. Compounds 4a and 10a were transferred
as neat microcrystalline solids. The filled and sealed sample holders were
removed from the glove box, immediately cooled to liquid-nitrogen tem-
perature, and then placed into the Mdssbauer spectrometer precooled to
90 K. Data accumulation (in the first instance) was effected in a warming
mode as discussed above. All isomer shifts are reported with respect to
the centroid of a room-temperature a-Fe absorber spectrum, which was
also used for spectrometer calibration.

Quantum chemical calculations: Results of an incipient systematic bench-
mark study is provided as Supporting Information. Quantum chemical
calculations were carried out at various levels by means of the programs
Gaussian 03,*) Turbomole,® % Molpro,®! and ADE**") At the density
functional level we employed the standard BP86!*®! functional as well
as the HCTH407" functional of Boese et al., which was newly imple-
mented in the Gaussian03 program (HCTH for short). Both of these
functionals are based on the generalized gradient approximations (GGA)
and can make use of the resolution of identity (RI) approximation,>”"]
which usually improves the computational efficiency and scalability with
system size substantially. At the hybrid DFT level we employed the
B3LYP functional™™ and the B98 functional of Schmider and
Becke.[*¥1 All Gaussian and Turbomole calculations were done in com-
bination with the SVP and TZVP basis sets of Ahlrichs et al.*>®! In RI
computations with the Gaussian program we used the small DGA1 Cou-
lomb density fitting basis available in the basis set library.*¥ Calculations
on redox potentials were performed at the BP86(RI) level with the Tur-
bomole program, employing its very efficient implementation of the
COSMO continuum model®™ to account for solvation effects (solvent di-
chloromethane, dielectric constant at room temperature ¢=38.93). The
TZVP basis set was used for B, C, N, O, F, and H atoms. For Cl, Br, and
I atoms the relativistic effective core potentials of Dolg et al.***" were
used. The respective TZV-type standard basis sets for the latter atoms
were each augmented by one d polarization function available in the Tur-
bomole basis set libraries. For all atoms, the TZVP-J Coulomb fitting
basis was used. Note that we report in the tables ionization energies ob-
tained from total energy differences because we cannot account for ther-
mochemical corrections to obtain AG values due to the lack of analytic
second derivatives in the COSMO calculations. We therefore provide
only a qualitative assessment of the electrochemical conditions, and ac-
cordingly we report computed ionization energies in electron volt, where-
as the differences in redox potentials obtained in electrochemical meas-
urements are given in volt and relate to free energy differences. A gas-
phase calculation on 4 at the BPS6/TZVP/RI(DGA1) level, that is, with-
out solvent simulation, however, yields zero-point vibrational energy and
thermal contribution effects (AG at 298 K) on the adiabatic ionization
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potential of the order of 2kcalmol™! and 0.1 eV, respectively. Better
agreement with experimental measurements can probably be obtained if
these contributions are included in the computations.**!

All calculations with Gaussian and Turbomole were performed in C;
symmetry. The minimum character of the resulting stationary points was
confirmed by the absence of negative eigenvalues in analytically comput-
ed Hessian matrices. In a number of cases, which are documented in
Tables 1-6 in the Supporting Information, we observed the occurrence of
a single low imaginary mode (5i~70icm™') in the harmonic frequency
analyses. In all cases these imaginary modes correspond to a rotation of
one Cp ring out of an almost eclipsed (Djs,-like) arrangement. However,
geometry optimizations starting from a staggered (Ds,-like) arrangement
of rings all lead back to the nearly eclipsed conformations. To exclude
technical artifacts we checked the influence of the integration grid size
(ultrafine) and of the geometry convergence criteria (very tight) settings,
but in all cases we were unable to obtain structures without these pecu-
liar imaginary modes. Because these spurious modes spoil the quality of
computed zero-point vibrational energies in systematic comparisons, we
report here only total energy differences.

For the calibration of computed binding energies (cf. Supporting Infor-
mation) we performed coupled cluster calculations in combination with
the correlation consistent basis set series cc-pVXZ (X=D, T, and Q) of
Dunning et al., including an extrapolation to the basis set limit.*! The
extrapolation was performed by employing the mixed exponential/Gaus-
sian function E(x)=E.+be “V4ce ™ ##2 in which x is the cardinal
number (DZ=2, TZ=3, QZ=4) and E., the asymptotic value to approx-
imate the basis set limit.”"*” The underlying molecular structures of the
complex and its fragments were optimized at each respective level based
on numerically evaluated gradients. These calculations were performed
with the program Molpro.®! As an alternative, computationally much
more efficient procedure to extrapolate the CCSD(T) level to the limit
of infinite basis-set size, we employed the CBS-QB3 scheme of Peterson
et al.” as implemented in the Gaussian program. Additional Turbomole
calibration calculations were performed with second-order Mgller—Ples-
set perturbation theory in combination with the cc-pVXZ (X=D,T, and
Q) series of Dunning. For energies and analytic gradients the RI tech-
nique was used in combination with the optimized MP2 auxiliary basis
provided in the Turbomole libraries.**

The AIMPAC program was used for the Bader analysis of the electron
density distribution.”®*”’ Additional analyses on relevant model com-
plexes were performed with the ADF program package!® " at the BP86
level employing an uncontracted Slater-type orbital (STO) basis of polar-
ized triple-¢ quality augmented by two sets of polarization functions."!!
The two 1s core electrons on the carbon and boron atoms and the ten
1s2s2p core electrons on the iron atom were treated by the frozen-core
approximation.['”?! Scalar relativistic effects were considered by the zero-
order regular approximation (ZORA).!%-1%! Based on the work of Mo-
rokumal'®! and Ziegler and Rauk,” the EPA analysis as implemented
in the ADF program!''"12" partitions the bond dissociation energy D,
for the process A-B— A + B into several contributions. First, D, is formal-
ly separated into the two components AE\r and AEprgp according to
Equation (3)

—D. = AE\r + AEprep 3)

in which AEy; is the interaction energy defined as the energy of the
complex A-B minus the energies of its constituting fragments A* and B¥,
which are kept frozen in the geometry and electronic state they adopt in
the complex. AEpggp then is the energy difference to promote A and B
from their equilibrium geometry and electronic state to the geometry
and electronic state in A* and B*. AEyr can further be divided into
three components [Eq. (4)].

AE‘INT = AE‘ELSTAT + AE‘PAULI + AE()RB (4)

Herein AEg; grar is the quasiclassical Coulomb interaction energy com-
puted from the frozen electron densities of the fragments A* and B* su-
perimposed at the geometry of the complex. The corresponding electron
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density, however, violates the Pauli exclusion principle because it leads to
regions of space which are occupied by two electrons of like spin. The
Pauli exclusion principle is enforced in the next step by antisymmetriza-
tion and renormalization of the Kohn-Sham determinant, which is con-
structed from the superposition of the formerly noninteracting orbitals of
A* and B*. The corresponding change in energy is denoted AEpsyy, the
Pauli repulsion term. As last step of the EPA analysis the stabilizing orbi-
tal interaction term AEqgg is calculated by relaxing the orthonormalized
Kohn-Sham orbitals to the optimized Kohn-Sham determinant of the
complex. AEqgp can be further decomposed into orbital contributions
arising from the respective sets of irreducible representations defined by
the molecular symmetry. EPA has found widespread application (see,
e.g., ref. [113] and refs. 24-26 cited therein). For further details and physi-
cal interpretations of the various terms comprising AE\\y, see the com-
prehensive exposition by Bickelhaupt and Baerends.”)
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