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The heterobimetallic cationic NLO chromophore (1-ferroceyfiyborabenzene)f-cyclopentadienyl)cobalt(t)

([{ 1-((7>-CsHs)Fe 7> CsHa))-78-BCsHs} Co(7>-CsHs)] F, 11) has been synthesized by reaction of FcBBnd
cobaltocene and subsequent oxidation with EeChe neutral bimetallic compourids paramagnetic and exhibits

an ESR spectrum similar to that of the mononuclear 19-valence-electron complex CgfhBtabenzene)
Complex 1-PF; crystallizes in monoclinic space grouR®2;/c with a = 10.541(3) A,b = 17.647(5) A,c =
10.965(3) A5 = 96.38(2), Z = 4, andV = 2027.0(10) & NMR data for the oxidized diamagnetic catith

indicate that the positive charge is predominantly localized on the (borabenzene)cobalt moiety. The X-ray structure
determination ofl-PFK; shows the two sandwich units in mutuathans positions. The structural data denote an
increased electronic interaction between the donating ferrocenyl group and the borabenzene unit. A cyclic
voltammetric study ofl-PF; or 1 reveals three reversible redox couplesl(0, 0A-1, +1/+2), resembling those

of the mononuclear parent compounds, although the redox potentials are slightly shifted due to the mutual influence
of the electron-donating and -accepting properties of the different sandwich units. Thei®)spectrum ofL*

confirms the enhanced doreacceptor interaction by a strong, negative solvatochromic absorption abeut

600 nm which is assigned to a charge-transfer transition. The determination of the first hyperpolari2adyility
means of hyper Rayleigh scattering yields (@B0) x 1073 esu, which is unexpectedly high in the face of the
directly coupled doneracceptor pair.

Introduction Chart 1

The concept of heterobimetallic organometallic complexes t -

S E—B |[E—B ~—— E—B
for NLO chromophores has shown great potential in the
development of new materials with unexpected high first-order + + +
. - 1 .. oCp oCp oCp

hyperpolarizabilities.! In our search for other promising
organometallic donefracceptor combinations, we have chosen ) b)

the cation g8-borabenzene)f-cyclopentadienyl)cobalt(t) as
an electron acceptor. Its electron-accepting capability is
gelnforcecli by tv(\]/lo effectz: t];IrStl;:eby _tjh_e cafmﬁnl% nature of the |~ CHN-O-Rapid.

0 complex and, second, yt. ac ity of the boron center Cyclic Voltammetry. An Amel System 5000 was used. The
(see Chart 1). Additionally, this cation has several advantagesmeasurements were performed in £ with 0.2 M [-BuN]CIO,
for future applications: (i) it could be used as a redox-swnched as supporting electrolyte, ca. FOM 1 and 1-PFs, a Pt-wire working
NLO chromophore because complexes containing borabenzenelectrode, a Ag/Ag (0.1 M AgNO; CH:CN) reference electrode, and
ligands are easier to reduce than the corresponding Cp com-a Pt-plate (0.6 mfd) auxiliary electrode. The given potentials are

295 K relative to TMS; UV-vis, Perkin-Elmer Model 554; MS,
Finnigan MAT 311A; ESR, Bruker ESP 300; elemental analysis,

plexes? and (ii) borabezene cations are very stable irfair. referenced againg(FcH/FcH) = 0 V (FcH = ferrocene).
X-ray Structure Analysis of 1-PFs. Suitable crystals were grown
Experimental Section from slow diffusion of E3O in a concentrated solution &PF; in CH,-

Cl,. Crystal data and details of the structure determination are collected
All manipulations were carried out using standard Schlenk techniques in Table 1. The structure was solved by direct methods (SHELXS-

in a dry atmosphere of oxygen-free nitrogen. The solvents were 86)3 Refinement orF2 was carried out by full-matrix least-squares
carefully dried and distilled from the appropriate drying agents prior techniques (SHELX-93);no observance criteria were applied during
to use. Instrumentation: NMR, Varian Gemini 200 BB, measured at refinements. For the anion PFE residues were disordered and could
be refined with two statistically weighted PFunits. All non-hydrogen
t University of Hamburg. atoms were refined with anisotropic thermal parameters. The hydrogen
¥ University of Leuven. atoms were refined with a fixed isotropic thermal parameter related by
§ Dedicated to Prof. Dr. E. Weiss on the occasion of his 70th birthday. a factor of 1.2 to the value of the equivalent isotropic thermal parameters

' Cooperative Effects im-Ligand-Bridged Dinuclear Complexes. 19. : : L : . )
Part 18: van den Berg, W.: Boot, L. Joosen, H.; van der Linden, J. G. M.; of the carrier atoms. Weights were optimized in the final refinement

Bosman, W. P.; de Gelder, R.; Beurskens, P. T.; Heck, J.; Gal, Andvg. cycles. . . .
Chem, submitted for publication. Hyper Rayleigh Scattering. For the experimental setup, see ref
® Abstract published irAdvance ACS Abstractdyovember 15, 1996. 5a. The measurements were performed at a fundamental wavelength

(1) Behrens, U.; Brussaard, H.; Hagenau, U.; Heck, J.; Hendrickx, E.; of 1064 nm with a Nd:YAG laser; Ci€l, solutions were used for the
Kdrnich, J.; van der Linden, J. G. M.; Persoons, A.; Spek, A. L,;

Veldman, N.; Voss, B.; Wong HChem. Eur. J1996 2, 98—103. (3) Sheldrick, G. M. SHELXS-86: Program for crystal structure deter-
(2) (a) Herberich, G. E.; Koch, W.; Lueken, Bl.Organomet. Chem 978 mination. University of Gtlingen, Germany, 1986.

160, 17—-23. (b) Koelle, U.J. Organomet. Chenl978 152, 225- (4) Sheldrick, G. M. SHELXL-93: Program for crystal structure refine-

228. ment. University of Gtiingen, Germany, 1993.

S0020-1669(96)00443-0 CCC: $12.00 © 1996 American Chemical Society



7864 Inorganic Chemistry, Vol. 35, No. 26, 1996

Table 1. Crystal Data and Structure Refinement Details TePR?

empirical formula GoH19BCoRFeP

fw 529.91

temp, K 293(2)

A(Mo Kay), A 0.71073

cryst system monoclinic

space group P2,/c

a, 10.541(3)

b, A 17.647(5)

c, A 10.965(3)

B, deg 96.38(2)

vV, A3 2027.0(10)

Z 4

d(calc), Mg/n? 1.736

abs coeffu, mm* 1.671

F(000) 1064

cryst size, mrh 0.3x 0.35x 0.35

26 range, deg 2.26 6 < 30.08

index ranges —2=<h<= 14,
—2<k=24
—-15=<1<15

no. of data collcd 8543

no. of data refined 5942

GOF on F2 1.111

R[I > 20(1)] R; = 0.0588, WR, = 0.1394

Rindices (all data) R; = 0.0805, wR, = 0.1576

AR = 3(|Fo| — |Fel)/Z|Fo|, Ry = ZW(|Fo| — |Fe|)ZZwW(|Fo|2)Y2 w =
U[o¥Fe2) + (0.076P)2 + 1.4F), P = (max(Fo2 0) + 2F2)/3.

measurements, armEnitroaniline in CHCI, was used as the reference
(8 =21.6x 10%°esu). Becaust" absorbs appreciably at532 nm,
corrections were performed as suggested in ref 5b; the corgci@ide
is given in Table 5.

FcBBr, (Fc = ferrocenyl) was prepared by the method described in
the literature® and BBg was purchased from Merck.

Synthesis of 1. A solution of 2.5 g (13.2 mmol) of CoGgn 50
mL of toluene was added to a stirred, coolees(Q °C) solution of
1.75 g (4.92 mmol) of FcBBrin 50 mL of toluene. The reaction
mixture was allowed to warm to room temperature and filtered. The
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Figure 1. Frozen solution EPR spectrum of(X-band, 2-MTHF,T
= 115 K).

Table 2. EPR Data of Frozen-Solution Spectrum df

compd g 9,° g  ACor A/(*Cof A[*Coy
1 2.116(1) 2.031(1) 1.875(1) 142(1)  28(1) 36(1)
24 2.1378(3) 2.0240(5) 1.9340(3) 141.7(4) 31.3(10) 48.4(4)

a Determined from a fitted X-band spectrum (2-MTHIF= 115 K.
b The axis notation is in accordance with that for €eCsHsBPh), (2)
from ref 8b.¢107* cm~L. 9 Taken from ref 8b.

sandwich complexl is obtained in acceptable yields (eq 1).
Upon oxidation with FeGl| the desired doneracceptor pair
1t is formed (eq 2). Whereas solutions of the neutral

FcBBr, + 3 CoCp, (1)

— Fc(n®-BC4Hg)CoCp + 2 [CoCp,|Br
1

Fc = ferrocenyl

filtrate was evaporated to dryness, and the residue was dissolved in a

minimum amount of a 1:1 tolueréhexane mixture. The dark red
solution was chromatographed on alumina (1440} The main
fraction (violet) yielded 0.79 g (42%) df. EI-MS: m/z (%) = 385
(3.8, M, 11B), 384 (1, Mf, 19B), 370 (3.1, M — 15), 189 (60, CoCy),
186 (6, FeCp"), 124 (27, CoCp), 121 (47, FeCp), 98 (7.3), 92 (7),
91 (100), 65 (20), 63 (11), 59 (13), 51 (10). Anal. Calcd fepHGe-
BCoFe M, 387.94): C, 62.40; H, 5.97. Found: C, 62.87; H, 5.2.

Synthesis of 1-Pk. A 0.95 g (2.5 mmol) quantity of was dissolved
in 40 mL of E&O and 20 mL of HO, and, during rigorous stirring, 80
mg (0.30 mmol) of FeGI6H,O was added in small portions. The dark-
blue water layer was removed, and a sufficient amount offNfsiwas
added to precipitate the desired prodlid®Fs. Yield: 0.98 g (75%).
IH NMR (200 MHz, acetonek, relative to TMS): 6 = 3.95 (5H,
FeCp), 4.67 (2H, pt (pt pseudotriplet), 6H.), 4.68 (2H, pt, GH.),
5.81 (2H, d3Jy_1 = 9.3 Hz, H11, H15), 5.96 (5H, CoCp), 6.86 (2H,
dd, 3Jy-1yy = 6 Hz, 9.3 Hz, H12, H14), 7.15 (1H, ¥y = 6 Hz,
H13). 3C NMR (50 MHz, acetonelk, relative to TMS): 6 = 69.3
(FeCp), 74.0 (6H4), 74.3 (GH,), 87.7 (CoCp), 90.4 (C13), 91.5 (br,
C11, C15), 106.5 (C12, C14). Anal. Calcd fos8:0BCoRsFeP (M,
529.89): C, 45.33; H, 3.61. Found: C, 44.95; H, 3.65.

Results and Discussion

The first report of the synthesis of anSborabenzene)f-
cyclopentadienyl)cobalt complex was published by Herberich
and co-workerg. According to this report, the heterobimetallic

(5) (a) Clays, K.; Persoons, Rev. Sci. Instrum1992 63, 3285-3289.
(b) Laidlaw, W. M.; Denning, R. G.; Verbiest, T. ; Chauchard, E.;
Persoons, ANature 1993 363 58—60.

(6) Ruf, W.; Fueller M.; Siebert, Wl. Organomet. Chenl974 64, C45.

(7) Herberich, G. E.; Greiss, G.; Heil, H. kngew. Chen197Q 82, 838—
839; Angew. Chem., Int. Ed. Engl97Q 9, 805. Herberich, G. E;
Greiss, G.Chem. Ber1972 105, 3413-3423.

Fc(n®-BCsHg)CoCp + FeCly (2)

— [Fc®-BCgHs)CoCp]* + CI + FeCl,
1#

paramagnetic complekare deeply red, solutions of diamagnetic
1+ are dark blue or dark greenish blue depending on the polarity
of the solvent.

ESR spectra of solutions df are only obtainable at low
temperatures (Figure 1), indicating a rapid electron spin
relaxation, which is typical for 19-valence-electron (19-ve)
sandwich type cobalt complexes. Accordingly, a rhomfpic
tensor is found forl with the corresponding three different
59Co hyperfine coupling constants (Table 2). A more detailed
inspection of the ESR data fdrreveals their resemblance to
ESR data for other 19-ve borabenzene compléxes.

The diamagnetic catiofit was studied by means of NMR
spectroscopy. The shifts of thiél NMR signals of 1t are
comparable to those of monosubstituted ferrocedé€sHs)
= 3.95 ppm;d8(CsHs) = 4.67, 4.68 ppm) and the cation [(1-
R-178-borabenzene)f-cyclopentadienyl)Co] (6(CsHs) = 5.96
ppm;d(CsHsB) = 5.81, 6.86, 7.15 ppnT).Hence, théH NMR
data indicate that the positive charge in the electronic ground
state ofl* is predominantly located on the borabenzene complex
fragment.

(8) (a) Herberich, G. E.; Lund, T.; Raynor, J. B.Chem. Soc., Dalton
Trans.1975 985-990. (b) Kihne, R. O. Ph.D. thesis, University of
Zirich, 1986; pp 189-286.
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Figure 3. Cyclic voltammogram ofl-PFs. The scale of the potential
is referenced to Ag/Ag (for further details, see the Experimental
Section and Table 2).
AN
C9 (g Table 4. Cyclic Voltammetric Datafor 1-PFs
Figure 2. Molecular structure ol* as obtained from X-ray structure redox couple Eip, VP AE, mV ipdipa

analysis. Hydrogen atoms are omitted for clarity. The atoms are

represented as 50% probability thermal ellipsoids. Iiﬁ)—l _833 gg %8

Table 3. Selected Bond Lengths (A) fdr-PFs 0-1 —1.90 6 11
Fe-C1 2.053(3) CeB 2.307(4) 2 Obtained from CHCN solutions; 293 K (for further details see
Fe-C2 2.038(3) CeC11 2.112(4) Experimental Section); equilibrium potentidis(1-PF;) = —0.71 V,
Fe-C3 2.047(4) Ce-C12 2.055(4) Eeq(1) = —1.20 V us FcH/FcH'. P Vs FcH/FcH'. ¢ See ref 13.
Fe-C4 2.049(4) CeC13 2.044(4)
Fe-C5 2.043(4) CeCl4 2.062(4) Scheme 1
Fe-C6 2.043(4) Ce-C15 2.111(4) e e e
Fe-C7 2.054(4) CeC16 1.992(5) 1 1 1" 1%
Fe-C8 2.048(4) CeC17 1.997(5) +e +e +e
Fe-C9 2.036(4) Ce-C18 2.028(5)
Fe-C10 2.035(3) Cch%g g'ggg(g) In order to obtain deeper insight into the mutual electronic
C1-B 1.535(5) Col_l—B 1.531((6)) influgnce of both organometallic sandwich units, cyclic voltam-
c1-Cc2 1.431(5) C15B 1.528(6) metric measurements were performed. The cyclic voltammo-
Cc2-C3 1.425(6) CliC12 1.405(6) gram of 1-PKs (Figure 3, Table 4) shows three well separated
C3-C4 1.384(7) C12C13 1.379(8) reversible redox waves. Two of them are electrochemically
gg:g? i-i%gg gﬁgig iggggg; reversible one-electron transfers, while the peak potentials of

’ : the redox couple 6/1 slightly depend on the scan rate. The

An X-ray structure analysis df-PFs reveals arans confor- differences in the peak potentialsE for the couplest+2/+1

mation for the two sandwich moieties (Figure 2, Table 3). The and+1/0 are comparable to the theoretical valueaBf= 59
Fe—Ccpand Co-Ccpdistances are quite normal. However, the mV and are independent of the scan ratsithin 1 decade. In
Co—ChporabenzenddOnd lengths shorten distinctly upon oxidation contrast, theAE values of the redox wave 9L increase slightly
compared to those of the neutral 19-ve complex bis(1-phenyl- from 66 mV (v = 20 mV/s) to 88 mV ¢ = 400 mV/s), whereas
n%-borabenzene)cobalt2)® whereas a slight GeB bond the ratio of the peak currents remaiigipa ~ 1, indicating
lengthening becomes apparent (B 2.283(5) A in 2, chemical reversibility. The same cyclic voltammogram is
2.307(4) A in1-PFs). Normally, a metatboron bond shorten-  recorded for the neutral compldx However, the equilibrium
ing can be recognized upon going from a 19-ve to an 18-ve potentials ofl and 1" are quite different (see Table 2). The
borabenzene complék. Additionally, the distance between the redox properties are summarized by the redox cascade shown
boron atom and thgso-C atom of the ferrocenyl substituent in Scheme 1.
(1.535(5) A) is slightly shortened, whereas the-® bond The redox behavior af-PF; resembles to a great degree that
lengths within the borabenzene ligand are slightly elongated, of the mononuclear sandwich moieties: the potential of the
compared to the corresponding-B bond distances in other  redox couple+2/+1 is anodically shifted about 50 mV with
borabenzene complex&s'! These effects point to a slight respect to the FcH/FcHcouple (FcH= ferrocene), whereas
diminution of the Ce-B interaction and to a weak increase in  theE,;, of the couple 0F1 is cathodically shifted about 60 mV
the ferrocenyt-boron interaction. with respect to [(1-pheny}$-borabenzenejf-cyclopenta-

An enhanced interaction between the boron atom and thedienyl)Col" (3).23 Obviously, the redox pairs obtained for
ferrocenyl moiety also seems to be indicated by the tilt angle 1-PR; can be assigned to the ferrocenyl pafiz(+2/+1) and
of 7° enclosed by the fss—B bond vector and the adjacent Cp  the borabenzene complex uniiz. +1/0, 0/~1), respectively.
plane. Such tilt angles are characteristic for boron-substituted A particular interaction between the ferrocenyl moiety and
metallocenes and have been correlated to the Lewis acidity ofhe cationic borabenzene complex unitlin can be shown by
the boron cente¥? This Lewis acidity could facilitate a weak  means of U\tvis spectra (Figure 4). The two absorption
s-bonding interaction between the ferrocenyl substituent and axima belowl = 450 nm, which only slightly depend on the
the boron atom of the borabenzene ligand (compare Chart 1b).sojvent polarity, are assigned to metal-to-ligand charge transfer

in accordance with other 18-ve sandwich type complékes.

(9) Huttner, G.; Krieg, B.; Gartzke, WChem. Ber.1972 105 3424-

3436.
(10) Herberich, G. E.; Klein, W.; Spaniol, T. Rrganometallics1993 (13) The shift of the potential has been calculated with respect to the redox
12, 2660-2667. potential of3 and CoCp as given in ref 2b, taking into account that
(11) Huttner, G.; Gartzke, WChem. Ber1974 107, 3786-3799. E1(CoCp/CoCp") = —1.33 V vs FeH/FeH, which has been

(12) Appel, A.; Nah, H.; Schmidt, M.Chem. Ber.1995 128 621-626 obtained in our system.
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Figure 4. UV—vis spectra ofl-PF;, in CH,Cl,, acetone and dmso.
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Table 5. UV—Vis Data for1-PR? and the First Hyperpolarizability
B
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The most important property dft, which originates from
the change of the dipole moment upon irradiation, is the first
hyperpolarizability of 1*, determined by means of hyper
Rayleigh scatterin§. The 8 value obtained is 9& 1030 esu,
which to be appreciated properly must be compared with those
of other directly coupled doneracceptor pairs like the cationic
sesquifulvalene complexes (ferrocemyieycloheptatrienylium)-
tricarbonylchromium(#) and ferrocenylcycloheptatrienylium-
(1+), which are similar electronic systems. However, these di-
and monometallic sesquifulvalene-type complexes do not show
any measurable first hyperpolarizabili}i11® Nevertheless,
when the donor and acceptor groups in heterobimetallic ses-
quifulvalene complexes are separated by one ethynediyl or
ethenediyl bridge only, surprisingly high first hyperpolarizabili-
ties are obtainablé. Hence, combinations of ferrocene amd-(
borabenzenze)f-cyclopentadienyl)cobalt{t) seem to be en-
couraging NLO chromophores with respect to very hjgh
values, if it is possible to separate both functions by unsaturated
linkers. This is currently under investigation by our group.
Taking into account the thermal stability of ferrocene an (
borabenzenze)f-cyclopentadienyl)cobalt(t) and their insen-
sitivity to air, NLO chromophores containing these sandwich
units as electron-donating and -accepting groups are promising
candidates for applications in LangmuBBlodgett films because

solvent  Amal(€)  Amal* mad () Av? 1079, esu of their amphiphilic nature and for applications in polymers since
CHCl, 370 (4700) 410 (sh) 650 (2000) 9030 the sandwich moieties are easily substituted with polymerizable
acetone 365 (3700) 405 (sh) 600 (1650) 1282 groups?

dmso 360 (4300) 405 (sh) 585 (1640) 1709 '

a5.66 x 10* M 1-PR. °In nm.°¢sh = shoulderd Relative to
Ama{CH2Clp) in cm2.

Additionally, a fairly strong, clearly solvatochromic absorp-
tion band is recorded at abodt= 600 nm. A comparable

absorption maximum is not reported for the mononuclear

sandwich moieties. The UWis spectra ofl-Pk; are very
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Supporting Information Available: Tables of crystal data and
structure refinement details, atomic coordinates and equivalent isotropic
displacement parameters, bond lengths and angles, anisotropic displace-

similar to those of the heterobimetallic sesquifulvalene com- ment parameters, and hydrogen coordinates and isotropic displacement
plexes and accordingly, we interpret this long-wavelength parameters foi-PF; and the experimental and fitted ESR spectrd of
absorption to be a charge transfer between the ferrocenyl moiety(14 pages). Ordering information is given on any current masthead
and the borabenzene complex unit as described in Scheme 2page.

The influence of the polarity of the solvent on the position of
Amax COrroborates this interpretation (Figure 4, Table 5). The
hypsochromic shift upon increasing polarity of the solvent
(negative solvatochromism) demonstrates a decrease of thg15) Reichardt, CSolbents and Seknt Effects in Organic ChemistryCH

dipole moment ofL* in the excited state, as shown in Figure 5, \ée”agsgzsek':s‘éh?fﬁ “éﬂ?hﬁimaGi'maE”Yblgss- A Unoublished

or even an inversion of the dipole moméht. (16) rersuusltssar » M G HECK D, Hendrick, £, Fersoons, A. Unpublishe

(17) Gonsalves, K. E.; Chen, X. IRerrocenes Togni, A., Hayashi, T.,

(14) Calabrese, J. C.; Cheng, L.-T.; Green, J. C.; Marder, S. R.; Tam, W. Eds.; VCH Verlagsgesellschaft: Weinheim, Germany, 1995; p 497
J. Am. Chem. S0d.99], 113 7227-7232. ff.
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