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A variety of 18& ansachromocene isocyanide complexes were prepared via ligand substitution on the
carbonyl complexes. The relativeaccepting character of the different isocyanide ligands was evaluated
from the structural, spectroscopic, and electrochemical properties of the complexes. One-electron chemical
oxidation of the complexes generates low-sping Ansachromocene isocyanide cations, the structural
and spectroscopic properties of which were compared with their neutral precursors. Density functional
theory (DFT) calculations were performed on model complexes in order to elucidate the nature of the
bonding between the chromium and the isocyanide ligands and to explain the effects of one-electron

oxidation of the complexes.

Introduction

In our efforts to explore the reactivity of bent-sandwich
chromocene complexes we have found isocyanide ligands to

Isocyanide ligands are often interchangeable with CO in pe yseful alternatives to CO for stabilizingelénsachromocene
transition metal complexes, although they are, in general, betterfragments which are destabilized relative to pareniGEy

o-donors and poorerr-acceptors than C&2 They are also

the enforced bending of the cyclopentadienyl rings byathga

similar to CO in their usefulness for probing the electron- bridgel8 Schwemlein et al. recognized the need to trapeihea
donating/accepting properties of the metal, which is manifested o romocene as it formed in situ in their synthesis of the complex

in the energy of the €N stretching vibration, the bond angle
about nitrogen, and th®C and!*N NMR chemical shifts of

Me4Cy(CsH4).,CrCO1° In the absence of CO, an ill-defined,
THF-insoluble, brick-red material is obtained instead. We later

the ligands’* Isocyanide ligands are more versatile ligands than ,nd thattert-butyl isocyanide could be used instead of CO to

CO in the sense that the substituent on nitrogen can be variediorm the corresponding B8ansachromocene isocyanide de-
to influence the donor/acceptor properties of the ligand and 10 yjyative according to the reaction shown in eg’£:

manipulate the architectures of metal complexes that are
constructed with the ligand. For example, bridging diisocyanide

ligands have been used to support a variety of dinuclear metal
metal bonded specieg? as well as metal-containing macro-
cycles and polymers:17
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R, CN-t-Bu

Ca(THF)y + CriCly, =

\CrCN-t-Bu (1)

Other isocyanide ligands are unsuccessful at trapping the
ansachromocene fragment, affording only insoluble, brick-red
materials. A more general approach to isocyanide derivatives
involves reversible ligand substitution on the carbonyl species.

(12) Irwin, M. J.; Jia, G.; Vittal, J. J.; Puddephatt, ROiganometallics
1996 15, 5321-5329.

(13) Su, Z. M.; Wang, R. S.; Che, C.-MJater. Res. Soc. Symp. Proc.
1999 576, 389-394.

(14) Hanack, M.; Deger, S.; Lange, £oord. Chem. Re 1988 83,
115-136.

(15) Feinstein-Jaffe, I.; Maisuls, S. E. Organomet. Chenl.988 350,
57-75.

(16) Schroelkamp, S.; Sperber, W.; Lentz, D.; Fehlhammer, \€hem.
Ber.1994 127, 621-629.

(17) Fournier, E.; Sicard, S.; Decken, A.; Harvey, P.lRorg. Chem.
2004 43, 1491-1501.

(18) Green, J. C.; Jardine, C. N. Chem. Soc., Dalton Tran4999
3767-3770.

(19) Schwemlein, H.; Zsolnai, L.; Huttner, G.; Brintzinger, H.-B.
Organomet. Chenil983 256, 285-289.

(20) Foo, D. M. J.; Shapiro, P. Drganometallics1995 14, 4957
4959,

(21) Matare, G. J.; Foo, D. M.; Kane, K. M.; Zehnder, R.; Wagener,
M.; Shapiro, P. JOrganometallic200Q 19, 1534-1539.

© 2006 American Chemical Society

Publication on Web 01/05/2006



720 Organometallics, Vol. 25, No. 3, 2006 Shapiro et al.

Scheme 1

D + CO
R R Compound R R R Compound
Me Me 1a Me Me tBu 2a
H Ph 1b H Ph t-Bu 2b
Me Me  p-tolSO,CH, 3
Me Me Xyl 4
Ph H Fc 5

R’ \ / R'
+ CN-X-NC CrCN—X—NCCr
R, J'R'
R 29 R
+2CO
R R X Compound
Me Me CH, 6
Me Me Fc 7a
Ph  H Fc 7b
This method has enabled us to prepare a serieansk The thermal and photochemical stability of the other isocya-

chromocene isocyanide complexes containing alkyl, aryl, and nide derivatives was not examined in detail; however, these
ferrocenyl isocyanide ligands. With the exception of the complexes appear to have a longer shelf life thartehnigbutyl
ferrocenyl isocyanide derivatives, the redox potentials, molecular isocyanide derivatives. Nevertheless, all compounds were stored
structures, isocyanide carbon chemical shifts, and CN stretchingat —30 °C in the absence of light in order to minimize their
frequencies of these complexes exhibit congruous trends thatgecomposition.

reflect the degree of-backbonding from the chromium center.
One-electron oxidation of the &&nsachromocene isocyanide
species affords stable, low-spin,eldations and is accompanied
by significant changes in bonding between the chromium an

X-ray Crystallographic Characterization of ansaChro-
mocene Isocyanide Complexesthe molecular structures of
d complexes2a, 3, 4, 5, 6, and 7a were determined by single-

the isocyanide ligand. Density functional theory (DFT) calcula- crystal X-ray diffraction. Crystallographic data are listed in
tions were performed on model complexes in order to elucidate 12P1es 1 and 2. Selected geometrical parameters for the
the nature of the bonding between the chromium and the complexes are compared in Tables 3 and 4. The data in Table

isocyanide ligands and to explain the effects of one-electron 3 reveal little variation among the complexes with respect to
oxidation of the complexes. the geometries of their metallocene fragments. The most

distinctive features of the structures are the bonding parameters
associated with the isocyanide ligands (compared in Table 4),
which reflect the degree of-backbonding from the chromium

to the #* orbital of the isocyanide ligand. The greater the
m-backbonding from the metal, the more carbenoid tautdsner
contributes to the structure (Figure 1).

Results and Discussion

Preparation of ansaChromocene Isocyanide Complexes.
A variety of ansachromocene isocyanide complexes were
prepared according to the reactions shown in Scheme 1. The
visible evolution of CO gas indicated the progress of the  The molecular structure @aand its crystal packing diagram
reaction. Addition of excess isocyanide ligand leads to the are shown in Figure 2. The C+N1—C18 angle of 131.1(3)
formation of unidentified paramagnetic material. As reported (Table 4) is smaller than the corresponding angle of 13%5(4)
previously?® the reactions can be reversed by exposing the for the related nonbridged molybdocene complexHg,-
isocyanide derivatives to an atmosphere of carbon monoxide. MoCN-t-Bu.25 The crystal packing diagram fcta exhibits a

All of the 18e ansachromocene isocyanide complexes were C—H--+N interaction between the isocyanide nitrogen of one
isolated as air-sensitive, red-brown, microcrystalline solids or molecule and a cyclopentadieny-&l of another. The inter-
powders. Theert-butyl isocyanide derivative®a and2b, are molecular C9-N1 distance of 3.423(4) A and GHIA—N1

storage in a nitrogen atmosphere at room temperature, they form

black, shiny paramagnetic materials, the identities of which have 5 Floriani. C.- ChiesiVila A -

not been determined. Both thermolytic and photolytic decom- ,,(22) Sambarots, 5. Floriani, ©.; Chiesi-Villa, A; Guastant Ibrg.
position of the complexes produces an equivalent of isobutene, ~ (23) Giandomenico, C. M.; Hanau, L. H.; Lippard, SQlganometallics
presumably from the decomposition of tteet-butyl isocyanide 1982 1, 142-148.

i ; ; ; ; ; AT (24) Dewan, J. C.; Giandomenico, C. M.; Lippard, Sinbrg. Chem.
ligand. Dealkylation of coordinated isocyanide ligands, particu 1081, 20, 4069-4074.

larly tert-butyl isocygnide, to form a metatyanide linkage (25) Martins, A. M.; Calhorda, M. J.; Romao, C. L.Organomet. Chem.
has been observed in other compleXg* 1992 423 367-390.
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Table 1. Crystallographic Data for 2a, [2b][B(CsFs)4], 3, and 4

2a [2b][B(C6F5)4] 3 4
formula GiH29CrN Cs3H29BCriFoN CusH20CrNG,S CosH2oCrN
mol wt 347.45 1122.58 459.55 395.49
cryst syst monoclinic triclinic triclinic monoclinic
space group P2(1)fc P1 P1 C2lc
a(A) 9.6236(8) 12.8489(7) 8.2361(6) 10.025(9)
b (A) 10.3948(9) 13.4768(7) 11.5531(8) 27.72(3)
c(R) 18.3517(16) 15.3169(8) 12.3836(8) 7.709(7)
a (deg) 90 74.943(1) 75.863(2) 90
B (deg) 93.680(2) 70.386(1) 74.716(2) 112.64(2)
y (deg) 90 73.237(1) 82.416(2) 90
V (A3) 1832.0(3) 2352.9(2) 1099.35(13) 1977(3)
z 4 2 2 4
T(K) 203(2) 203(2) 203(2) 203(2)
2 (A) 0.71073 0.71073 0.71073 0.71073
Peac (Mg/m3) 1.260 1.585 1.388 1.329
w(mm?) 0.624 0.362 0.637 0.588
cryst size (mrf) 0.14x 0.09x 0.06 0.35x 0.17x 0.09 0.16x 0.09x 0.04 0.27x 0.07x 0.03
6 range (deg) 2.12t0 25.25 1.60 to 25.33 1.7510 28.31 2.32t024.99
index ranges —11<h<11, —15=<h=<15, —10=<h<10, —11<h=<11,
—12<k=<7, —16<k=<16, —15=<k=<15, —32<k=27,
—22<1=21 —18<1<17 —15<1<16 —9<I<6
no. reflns collected 10607 22340 11680 8234
no. indep refins 3316H(int) = 8594 [R(int) = 5439 R(int) = 1739 R(int) =
0.0730] 0.0296] 0.0421] 0.1467]
no. data/restraints/params 3316/0/215 8594/78/675 5439/0/276 1739/0/128
GOF 0.988 1.023 1.085 0.934
Ry [1>20(1)]2 0.0498 0.0501 0.0581 0.0621
WR, [I>20(1)]P 0.0938 0.1163 1199 0.1262
largest diff peak, hole (e %) 0.323,—0.246 0.718;-0.405 0.458;-0.313 0.441;-0.390
ARy = J|IFol — |Fell/ZIFol. "WRe = { T[W(Fo? — F?)A/ ¥ [W(Fo?)} 2
Table 2. Crystallographic Data for [4][B(CsFs)4], 5, 6, and 7a
[4][B(Cé6Fs)dl 5 6 7a
formula GsgH37BCrioN C3sH2oCrFeN GoH44CroN2 CsoHs54CrFeNs
mol wt 1166.68 571.44 656.77 842.80
cryst syst monoclinic monoclinic monoclinic _triclinic
space group Cc P2(1)lc P2(1)h P1
a(h) 11.5318(8) 7.641(3) 10.551(9) 12.8945(5)
b (A) 27.2656(19) 10.176(7) 9.168(8) 13.3213(5)
c(A) 15.4718(11) 34.17(2 17.063(18) 13.4444(5)
o (deg) 90 90 90 69.17(1)
p (deg) 93.05(2) 95.51(5) 107.79(4) 68.65(1)
y (deg) 90 90 90 71.84(1)
V (A3) 4857.8(6) 2645(3) 1572(3) 1965.8(2)
4 4 4 2 2
T(K) 203(2) 203(2) 81(2) 81(2)
A (A) 0.71073 0.71073 0.71073 0.71073
pcalc (Mg/m?3) 1.595 1.435 1.388 1.424
u (mm™1) 0.354 0.985 0.724 0.946
cryst size (mr) 0.26x 0.23x 0.04 0.29x 0.21x 0.05 0.23x 0.08x 0.03 0.19x 0.10x 0.04
0 range (deg) 1.92t0 25.25 2.09t0 27.49 2.03t0 25.47 1.67 to 28.29
index ranges —13<h=13, —9<h=<9, —12<h=<10, —17<h=<17,
—32<k=30, —8=<k=13, —11<k=10, —17=k=17,
—15<1<18 —35<1=<44 —20=1=20 —17=1=17
no. reflns collected 21193 23445 10 327 24182
no. indep refins 7472H(int) = 0.0480] 6072 R(int) = 0.0655] 2873 R(int) = 0.1740] 9731IR(int) = 0.0868]
no. data/restraints/params 747212717 6072/0/349 2873/12/199 9731/0/504
GOF 1.014 1.073 0.894 0.967
Ry [I>20(1)]2 0.0438 0.0609 0.0640 0.0625
WR; [I>20(1)]P 0.0798 0.1390 0.1251 0.1115
largest diff peak, hole (e 23) 0.268,—0.251 0.789;-0.494 0.927;-0.773 0.565;-0.523

ARy = JIFol — [Fell/Z|Fol. "WRe = { T [W(Fo® — FA)/ 3 [W(Fo)T} 2.

interaction?® Similar C—H-++N interactions were observed in

centroid-Cr—centroid anglesi(@, 143.3(5}; 2a, 143.4(2%), and
the average Crcentroid distanceslf, 1.78 A; 2a, 1.791 A).

the X-ray crystal structure of cyanoferrocenesHig)Fe(GHs-
CN), with slightly shorter C- - -N distances of 3.384(6) and  The molecular structure &and its crystal packing diagram
3.381(6) A?” The geometry of the metallocene fragmen®af  4re shown in Figure 3. This complex has an even smallerC17
(Ta_ble_S) is effectively the same as that of the carbonyl N—c18 pond angle (123.1(3)than2a (Table 4). A search of
derivative 1a'% as shown by the similar angles between the 6 2004 Cambridge Data Base showed that only 6 out of 1439
cyclopentadienyl ring planesl,(38.5(5); 2a, 38.7(4)), the structurally characterized terminal isocyanide-containing transi-
tion metal complexes have bending angles in the range-120
13C°. The greaterr-backbonding from the metal B vs 2ais

also manifested in a shortening of the chromitisocyanide
carbon bond distance (€C) and a lengthening of the isocya-

(26) Desiraju, G. R.; Steiner, TThe Weak Hydrogen Bonxford
University Press: Oxford, 1999.

(27) Bell, W.; Ferguson, G.; Glidewell, @cta Crystallogr.1996 C52,
1928-1930.
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Table 3. Comparison of Selected Bond Lengths and Angles
for Metallocene Portion of Neutral and Cationic
ansaChromocene Isocyanide Complexés

cpd CplCp (deg) Cerit-Cr—Cent (deg) av CentCr (A)

2a 38.7 143.4 1.792

3 40.1 143.0 1.797

4 38.8 143.1 1.782

5 40.0 143.2 1.802

7 39.1(Crl) 143.4 1.792
39.9 (Cr2) 142.5 1.799

2b* 39.1 141.2 1.821

4+ 38.9 141.8 1.818

aCent= ring centroid; CICp = dihedral angle between cyclopenta-
dienyl ring planes.
L,Cr=C=N_

A B
Figure 1. Resonance tautomers of a chromium isocyanide complex.

L,Cr—C=N—R
R

nide carbor-nitrogen bond (&N). Three different examples
of weak, nonclassical, intermolecular€l hydrogen bonding

are found in the crystal packing diagram of this complex: €12
H12---O1A; C23-H23A---02B; and C18-H18D---N1C.

Unlike the isocyanide ligands 2a and3, the terminal xylyl
isocyanide ligand in the molecular structure of compkex
(Figure 4) is perfectly linear because it lies on a crystallographic
C, axis. The C+C9 bond in4 is longer and the CON1 bond
is shorter than the corresponding bond lengthanand 3,
consistent with a lower degree @fbackbonding from the metal.
No intermolecular hydrogen-bonding interactions were evident
in the crystal packing diagram of this species, consistent with
the absence of lone pair electron density on nitrogen and with
the reduced accessibility of the nitrogen atom in this crowded
molecule. The xylyl moiety is nearly perpendicular to the
equatorial wedge of the metallocene, with an 18&hedral
angle between the arene ring plane and the cent©re-
centroid plane. A similar orientation of the xylyl moiety is seen

Shapiro et al.

The molecular structure of the isocyanoferrocene derivative
5 is shown in Figure 6. No intermolecular hydrogen-bonding
interactions are evident in the crystal packing diagranb.of
The C25-N1-C26—-C30 (4.5(7)) and C25-N1-C26-C27
(178.1(4Y) torsion angles show that the isocyano-substituted
cyclopentadienyl ring of the ferrocene is nearly parallel to the
equatorial plane of the chromocene, in contrast to the perpen-
dicular orientation of the xylyl group id. The ferrocenyl G-C
bond distances in the isocyano-substituted ring are comparable
to each other and to those in the unsubstituted ring. There are
relatively few examples of the coordination of isocyanoferrocene
to other metal§®-32 Of these, only the homoleptic [Cr(CNFt)
complex of Barybin and co-worketshas been structurally
characterized. The C28N1-C27 bond angle irb of 134.4-
(4)° is considerably narrower than the-Gl—C(Fc) angles of
[Cr(CNFc)] (av 162) and quite similar to the corresponding
bond angle irRa

The molecular structure of the homodinuclear comieg
shown in Figure 7. The two halves of the molecule are related
by a crystallographic inversion center. The phenylene diiso-
cyanide ligand is oriented parallel to the equatorial planes of
the ansachromocene moieties with a dihedral angle of 85.7
between the arene and centroldr—centroid ring planes.
Considerabler-backbonding beween the chromium centers and
the isocyanide groups is indicated by the small bond angle
(128.6) about the nitrogens and the lengthening of theNC
bonds and shortening of the €€ bonds relative to complexes
2a, 5, and4.

Complexes7a and7b are rare examples of transition metal
complexes containing the diisocyanoferrocene lig&rithe only
other examples, to our knowledge, are Fc[(NC)Cr(g£and
polymeric [Fc(NC)(AuCl)2],, which were recently reported by
Siemeling and co-worker8.Repeated efforts to grow crystals
of 7b were unsuccessful. Howevéta did afford X-ray quality
crystals. Figure 8 shows top (a) and side (b) views of the
molecular structure of the trinuclear heterometallic complex.

in the molecular structure of the half-open chromocene complex The crystal packing diagram in Figure 8c shows the weaki€

Cp(GH7)Cr{ CN-2,6-(CH).CeH3} ;28 however, in that case the
isocyanide is bent with an angle of 166.1(4)n the ansa
chromocene complex M8i(CsMe4),CrCNXyl, reported by
Schaper et aP? the xylyl ring plane is parallel to the equatorial
plane of the metallocene, probably due to greater steric
interference from the methyl groups on the cyclopentadienyl
rings. In this complex, the isocyanide ligand is bent at nitrogen
with an angle of 153.2(3) The N-C,y bond distance (1.401-
(4) A) in Schaper’s complex is significantly longer than that in
4 (1.351(8) A), which is quite short for a single-N\C bond
and suggests additional bonding between the nitrogen and

--Cr interactions betweeansachromocene fragments of dif-
ferent molecules. The cyclopentadienyl rings of the diisocy-
anoferrocene are eclipsed, and their rotational conformation
places the twansachromocene fragments insgnorientation.
This arrangement does not appear to be dictated by intra- or
intermolecular hydrogen-bonding interactions. Interestingly, a
similar conformation was identified for FC[(NC)Cr(C§»)1° The
Fc(C)-N—C bond angles for that complex are 174.8nd
170.2, considerably wider than the corresponding bond angles
in 7a (126.4 and 125.8).

NMR and IR Spectroscopic Characterization of ansa

the arene ring. Thus, delocalization of electron density onto the Chromocene Isocyanide ComplexesPrevious studies have

xylyl ring of the isocyanide ligand, as represented by the

shown that there is a correlation between the degree of

resonance tautomers in Figure 5, could be partially responsibles-backbonding from the metal to the isocyanide ligand and the

for the linearity of the isocyanide ligand.

C—N stretching frequency:3C NMR chemical shift, andtN

Table 4. Comparison of Selected Crystallographic, IR, NMR, and Electrochemical Data for the C-rCNR Portion of Neutral
ansaChromocene Isocyanide Complexes

ve-n (cm™Y) cril (mv) 13C 6 (ppm)
cpd R Cr—C (A) CrC—N (A) N—CR (A) 0C—N-R (deg) Nujol mull (THF) (Ea+EQ)2 C=NR
2a t-Bu 1.873(3) 1.214(4) 1.482(4) 131.1(3) 1835 —1154 261.2
3 CH,Tos 1.859(3) 1.226(4) 1.462(4) 123.1(3) 1752 (1774) —1058 290.6
4 Xyl 1.892(7) 1.195(7) 1.351(8) 180.0(1) 2006 (1980) —1181 239.6
5 Fc 1.879(4) 1.205(5) 1.411(5) 134.4(4) 1829 —1153 274.0
6 —Ph- 1.861(5) 1.232(6) 1.427(6) 128.6(5) 1766 —1096 278.3
7a —Fc— 1.862(4) 1.224(4) 1.409(4) 126.4(3) 1751 —1149 278.6
1.852(4) 1.230(4) 1.415(4) 125.8(3)

aTos = p-tolylsulfonyl; Fc = 1-ferrocenyl;—Fc— = 1,1'-ferrocenyl;—Ph— = 1,4-phenylene.
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b)

Vi

b 0

Figure 2. (a) Thermal ellipsoid (30%) drawing dfa. Hydrogen atoms are omitted for clarity. (b) Crystal packing diagram illustrating
intermolecular hydrogen bonding; €N1 3.423(4) A, C9-H9A--N1 144.2.

Figure 3. (a) Thermal ellipsoid (30%) drawing & Hydrogen atoms are omitted for clarity. (b) Crystal packing diagram illustrating weak
intermolecular hydrogen bonding. Only hydrogen atoms involved in bonding are showr:-@1A& 3.267(4) A, C12H12---O1A 150.0;
C18--N1B 3.344(4) A, C18-H18B---N1B 140.7, C23:-02C 3.314(4) A, C23H23::-:02C 155.8.

Figure 4. Thermal ellipsoid (30%) drawing ef. Hydrogen atoms
are omitted for clarity.

NMR chemical shift of the isocyanide ligatd*35The IR and
13C NMR spectroscopic data for the neutraleli8ocyanide

(28) Freeman, J. W.; Hallinan, N. C.; Arif, A. M.; Gedridge, R. W_;
Ernst, R. D.; Basolo, FJ. Am. Chem. S0d.991, 113 6509-6520.

(29) Schaper, F.; Wrobel, O.; Schwoerer, R.; Brintzinger, HGrja-
nometallics2004 23, 3552-3555.

(30) Holovics, T. C.; Deplazes, S. F.; Toriyama, M.; Powell, D. R.;
Lushington, G. H.; Barybin, M. VOrganometallic004 23, 2927-2938.

(31) Knox, G. R.; Pauson, P. L.; Willison, @rganometallics199Q 9,
301-306.

(32) EI-Shihi, T.; Siglmueller, F.; Herrmann, R.; Fernanda, M.; Carvalho,
N. N.; Pombeiro, A. J. LJ. Organomet. Chenml987 335 239-47.

complexes listed in Table 4 roughly exhibit the expected trends.
We were not able to detec¥™N NMR signals for these
complexes, probably due to the low-symmetry environments
about the nitrogen atoms.

Sincenr-backbonding from the metal to the* orbital of the
isocyanide ligand causes a reduction in theNCbond order,
the magnitude ofc—n should decrease with increasineglec-
tron donation from the metal. A plot of €N stretching
frequencies against the crystallographically determinedNC
bond lengths (average bond length #&) is shown in Figure
9 (data from Table 4). Deviations from a perfect correlation
between the parameters can be attributed at least in part to the
fact that the different masses of the substituents on the
isocyanide ligands must also influeneg-n. Furthermoreyc—n
for 3 shifted to 22 cm? higher energy anac—y for 4 shifted
to 26 cnt! lower energy when the complexes were analyzed
in THF solution instead of a Nujol mull. This shows that the
bonding between the metal and the isocyanide ligand is
somewhat flexible and is probably influenced by crystal packing
forces.

(33) van Leusen, D.; Hessen, Brganometallics2001, 20, 224—226.

(34) Grubisha, D. S.; Rommel, J. S.; Lane, T. M.; Tysoe, W. T.; Bennett,
D. W. Inorg. Chem.1992 31, 5022-5027.

(35) Rommel, J. S.; Weinrach, J. B.; Grubisha, D. S.; Bennett, D. W.
Inorg. Chem.1988 27, 2945-2949.
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Figure 5. Resonance tautomers that could contribute to the linearity of the isocyanide ligdnd in

is comparable to that of dert-butyl group in theansa
chromocene system. The similgCN) andJC—N—R values
for 2b and 5 (Table 4) also support this conclusion. This
contrasts with the findings for Cr(CNR)yand (CO3CrCNR
complexes, in which the ferrocenyl moiety behaves more like
an aryl group than an alkyl groudg?-3°

Cyclic voltammograms of complex@&sand7aare shown in
Figure 11. The appearance of only oné/rredox couple for
these complexes indicates that there is little if any electronic
communication between the chromium centers via the diisocy-
anoferrocene and phenylene diisocyanide bridges. The cyclic
voltammogram for7b is similar to that of7a. Each of the
voltammograms exhibits an electrochemically irreversibl&"Cr

Figure 6. Thermal ellipsoid (30%) drawing d. Only theansa couple. The redox potentials of the coordinated isocyano- and
bridge hydrogen atoms are shown for clarity. Selected bond lengthsdiisocyanoferrocene ligands § 7a, and7b are more positive

(A) and angles (deg): C26C27 1.411(5), C26C30 1.436(6), than even the anodic wave for the oxidation of'Go CrV.
C27-C28 1.422(6), C29C30 1.412(6), C29C28 1.399(6), C3t The iron-centered redox potential 5282 mV) is almost 100
€32 1.393(7), C31C35 1.420(0), C32C33 1.404(7), C33C34 mV higher than that of the free isocyanoferrocene ligand (186
1.403(7), C34C35 1.409(7), C25N1—-C26 134.4(4), C25N1~ mV). It can be argued that this positive shift in the redox
C26-C30 4.5(7), C25N1-C26-C27 178.1(4). potential is due to the electron-withdrawing properties d¥ Cr
On the other hand, the iron-centered redox potenti@ki(689

mV) is 50 mV lower than that of free diisocyanoferrocene (639
mV). It is possible that the diisocyanoferrocene ligand is
dissociated from th@ansachromocene dications at this point,
since there is evidence of free isocyanoferrocene in the IR
spectrum of Tb][PFg]2, in which theansaehromocenes are only
monocations. Efforts to attach only oaesachromocene moiety
Figure 7. Thermal ellipsoid (30%) drawing & Hydrogen atoms  tg diisocyanoferrocene for comparison were unsuccessful. The
are omitted for clarity. Selected bond lengths (A): €18191.386- 1.1 reaction betweetaand diisocyanoferrocene afforded only
(7), C19-C20 1.395(6), C28C18A 1.399(7). 7a and half an equivalent of unreacted diisocyanoferroééne.

The trend in3C chemical shifts for the complexes is Chemical Oxidation of the ansaChromocene Complexes.
consistent with that observed for other transition metal isocya- One-electron oxidation of the isocyanide complexes was ac-
nide complexes. The isocyanide carbon resonance shuits- complished using either trityl or ferrocenium salts to form low-
field with increasing M-C & bonding because the MC = spin, 1% cations that are red-brown in color, like the neutral,
bonding increases the magnitude of the negative-valued para-18e species (Scheme 2). Magnetic susceptibility measurements
magnetic shielding constanty). This constant dominates the  on the monocations gave spin-only magnetic moments consistent
chemical shift for atoms, such as carbon, withz2plec- with one unpaired electron on the metd2b][B(CeFs)4] (et
trons#343 Plots of redox potential (Figure 10a) and-n = 1.8 ug), [41[B(CeFs)s] (et = 1.9 ug), [B]PFe (et = 1.9
(Figure 10b) against®C chemical shift show the expected ug). Since selective oxidation of only orensachromocene
general trends; th€C chemical shifts increase with increasing moiety in the diisocyanide-bridged complexes was not feasible,
redox potential and decreasimg-y. both were oxidized to form the dicatiof@][B(Ar )4l (uett =

Electrochemical MeasurementsThe isocyanide complexes 2.3 ug; Arg = 3,5-(CR)2CsH3) and[7b][PFe]2 (uert = 2.6 up).
exhibit a quasi-reversible @ couple and an anodic peak at The magnetic moments of these polynuclear complexes cor-

higher potential for the oxidation of ¢rto CrV, the electro- respond to magnetic moments of 16(7b?") and 1.8ug (6°*)
chemical irreversibility of which has been attributed to the per chromium cente® This supports our conclusion from the
coordination of the THF solvent by &3¢ The CH#' redox cyclic voltammetry that there is no electronic interaction between
potentials for the complexes (referenced tgHg).F&”1) are chromium centers via the phenylene or ferrocenylene bridge.
listed in Table 4. With the exception ofa, there is good X-ray quality crystals of2b][B(C¢Fs)s] and B][B(CeFs)a]

correlation between the redox potentials of the complexes andwere obtained for molecular structure determinations. Their
ther-accepting character of the isocyanide ligands. In general,

the redox potentials of the complexes increase with increasing (36) van Raaij, E. U.; Brintzinger, H. HI. Organomet. Cher.988
M—C z-backbonding (as reflected in the structural and spec- 356 315-323.

troscopic parameters). This behavior has been observed in a (37) Pombeiro, A. J. Linorg. Chim. Actal985 103 95-103.

: : : (38) A reviewer suggested that the selectivity for the heterotrinuclear
variety of other metal isocyanide complexes, and the redox species over the heterodinuclear species in the 1:1 reaction betaeead

potential of the metal complex has even been used to param-giisocyanoferrocene may be entropic in nature since the first coordinated
etrize the electron donor/acceptor character of the isocyanideansachromocene should impede the rotation of the noncoordinated fer-

Iigand37 rocene ring, facilitating the coordination of a secosmasachromocene
o il . L fragment.
Interestingly, the potential for2ais similar to that of (39) Sinceuer is proportional tov/zw, uer for eachansachromocene

5. This indicates that the electronic effect of a ferrocenyl moiety moiety was estimated by dividingy for the entire molecule by/2.
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Figure 8. Thermal ellipsoid (30%) drawing dfa: (a) side view, (b) top view, and (c) crystal packing diagram illustrating intermolecular
hydrogen bonding. Only the hydrogen atoms involved in bonding are shown.
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Figure 9. Plot of C—N stretching frequencies (measured in Nujol

mull unless otherwise indicated) vs-€N bond length (an average
between the two €N bond distances ofa was used).

12 121

crystallographic data are listed in Table 1. Thermal ellipsoid
drawings of the cation&b™ and 4" are shown in Figures 12

and only slightly lower than that of [GErCN-t-Bu]* (2209
cm~1),*%indicating that the interaction between the isocyanide
ligand and chromium is primarily in nature.

Since the xylyl isocyanide ligand does not lie on an axis of
symmetry in[4][B(CsFs)4)], as it does i, it is not perfectly
linear but nearly so. The €1C17 bond is longer and the C17
N1 bond is shorter than the corresponding bonds in the neutral
complex, due to reduced-backbonding from the metal. The
N—C(aryl) bond distance (N4C18, 1.396(5) A) is longer than
that in4 (1.351(8) A), indicating less e~ delocalization from
the Cr to the arene ring. The orientation of the xylyl moiety is
nearly perpendicular to the equatorial wedge, similar to the
neutral complex, with a 19°3lihedral angle between the arene
ring plane and the centroteCr—centroid plane. The energy of
the CG-N stretch for this compound is 2119 cf which is
comparable to that of the free ligand (2115din

We were unable to obtain X-ray quality crystals of either
[5][PFe] and[7b][PFe]2. The energy of the €N stretch for
[5][PF¢] of 2118 cntlis similar to that of the free isocyanide
(v = 2121 cnT?l). Two C—N stretches were observed faib]-

and 13, respectively, along with selected bond lengths and [PFg. at 2113 and 2137 cm. We attribute the lower energy

angles.

Removal of an electron frorb results in a straightening of
thetert-butyl isocyanide ligand, which is close to lineaf2b]-
[B(CgFs)4], with a C13-N1—C14 bond angle of 173.9(%)The
Cr—C13 bond is significantly longer and the CiR1 bond is
significantly shorter than the corresponding bond lengti&oin
All of this is a reflection of the poorer-backbonding ability
of the cationic chromium center. Two IR bands at 2199 and
2139 cnt (Nujol mull) were observed for this complex. Neither
band corresponds to the neutral comp2x, We attribute the
second band to freeBUNC (v NC = 2140 cnt?l). The 2199

band to free diisocyanoferrocene € 2114 cm?) and the
higher energy band to the dication.

An X-ray crystal structure determination f@8][B(Ar g)a]2
was performed, but the quality of the crystal was so poor that
we could not refine the structure beyondRwalue of 12.5%.

A preliminary thermal ellipsoid drawing of the dication is shown
in Figure 14. The phenylene diisocyanide bridge is clearly linear
in [6][B(Ar £)4]2, in contrast to its zigzag geometry in the neutral
complex. The &N stretch for this complex occurs at 2088

(40) Brackemeyer, T.; Erker, G.; Hilich, R. Organometallics1997,

cm! band is higher in energy than that of the free isocyanide 16, 531-536.
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Figure 10. Plot of (left) redox potential vs isocyanid€C chemical shift and (rightyC—N vs isocyanide!®*C chemical shift for the
ansachromocene isocyanide complexes.
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Figure 11. Cyclic voltammograms of complexés(left) and 7a (right) (scan rate 25 mV/s).

Scheme 2
[PhsCIIY] +
or
R [CpaFellY]
CrCNR" P2 Y
R,
R R R _Y-  Cation
H Ph tBu B(CgFs), 2b*
Me Me xyl B(CgFs)s 4*
Ph H Fc PFg 5*
2 [PhsClIY]
or
2 [CpaFe][Y]
X 2y -
2 2
R R X Y Cation
Me Me CgH, B(CeFs),  6%*
Ph H Fc PFs 7b2*

cm~1, somewhat lower in energy than that of the free phenylene (Table 3). Thus, the change in the oxidation state of the metal
diisocyanide ligandy = 2118 cnt?) but substantially higher  is mostly manifested in its interaction with the isocyanide ligand.
than that of6 (1766 cnt?). Calculations. The structures of models for complex2s6

The bonding between the chromium and its cyclopentadienyl (containing a CHCH, bridge instead of the CME&Me, and
rings appears to be unaffected by one-electron oxidation of the CHPhCHPh bridges used experimentally) were studied using
metal since the structural parameters of the metallocene frag-DFT methods. Geometries of all neutralel#nd cationic 1&
ments of the cations are similar to those of the neutral complexesspecies were fully optimized at the RIBP86/SV(P) level, and
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calculated data is revealing. In contrast to the neutral complexes,
the cations show virtually no changes in thesl8 bond length,
even though the CrC bond length changes appreciably (Figure
15b). The difference between neutral and cationic species must
be due to a difference in bonding interaction. In the neutral
complexes,-backbonding dominates. Small, electron-with-
drawing substituents on the ligand (e.g. 6s) increase
sw-backbonding and, hence, produce shorterCrand longer
C=N bonds. For the cationg-backbonding appears to be
relatively unimportant, and the isocyanide functions mainly as
ao-donor. The &N bond lengths are nearly identical to those

Figure 12. Thermal ellipsoid (30%) drawing d2b][B(C ¢Fs)d]. calculated for the free_ I|gands_, and the—-@ bc_)nd length
Only the cation is shown. Hydrogen atoms are omitted for clarity. @Ppears to be determined mainly by the steric bulk of the
Selected bond lengths (A) and angles (deg): -6213 1.956(3), substituent at nitroget:Bu and Xyl giving the largest distances.
C13—-N1 1.155(4), av Grcentroid 1.821, C13N1-C14 173.9- We have calculated the structures of both “parallel” and
(4). Only part of the disorderednsabridge is displayed. “perpendicular” conformations of the PhNC and XyINC com-
plexes. These conformations are very similar in energy for the
neutral as well as the cationic complexes. However, tse\NC
bond lengths are significantly differefar the neutral complexes
only. On going from the planar to the perpendicular conforma-
tion, the C-N—C angle opens up (by ca. 20the Cr-C bond
becomes longer, and the=M distance becomes smaller, all of
which indicates decreasedbackbonding. The fact that this is
not accompanied by a large change in energy demonstrates that
the bonding situation in these molecules is rather fluid and can
easily adapt itself to electronic or steric variations of the ligand.
The calculated monocation of the phenylene-bridged dinuclear
Figure 13. Thermal ellipsoid (30%) drawing ¢4][B(C ¢Fs)4]. Only system shows clearly localized'Cand CH' centers character-
the cation is shown. Hydrogen atoms are omitted for clarity. ized by very different ©N—C angles.
Selected bond lengths (A) and angles (deg): €217 1.933(5), ii. Electronic Structures of the Cations. The highest
C17-N1 1.174(5), N+C18 1.396(5), C18C19 1.404(6), C18 occupied orbitals of the cationic complexes are not well-
€23 1.390(6), C19C20 1.378(6), C26C21 1.378(7), C23C22 separated, making it difficult to interpret the nature of the
1.383(8), C22-C23 (1.393(6), C1#N1-C18 178.8(4). oxidized state. However, the orbital plot of A& UMO (shown
in Figure 16 for the analogue &f) clearly shows that oxidation
has removed an electron from g-tike orbital lying in the
wedge between the two Cp rings, perpendicular to theNCr
bond. This orbital is similar to the highest occupied molecular
orbital of CpCrCO determined by Lauher and Hoffman in 1976
using extended Hikel theory! and more recently by Green et
al. using density functional theo® The spin-density plot (not
shown) shows that there is a small amount of spin polarization
on the Cr-bound Cp rings, but virtually no spin density on the
ferrocenyl group. This is because the oxidation occurs essentially
in theo system, so the effects are not communicated efficiently
ia the cyclopentadienykr system of the ferrocenyl moiety.
resumably, this is also part of the reason we see virtually no

Figure 14. Preliminary thermal ellipsoid (30%) drawing {6]-
[B(Ar g)4]2. Only the dication is shown.

improved energies were obtained from single-point b3-lyp/TZVP
calculations including a COSMO solvation correctier 7.5);
this correction is particularly important for the cationic species.
The resulting geometric parameters are collected and compare
V.V'th e_xperlmental values in Table 5; energy-derived data are communication between the oxidized centers in the bridged
I'SFed in Tablg 6. ) dinuclear systems. The nonbonding nature of this orbital explains
I. Geometries.One of the advantages of using calculated yhy removal of an electron from it does not result in large
structures s the lack of *random” variations found in X-ray geometrical changes in the chromocene fragment. This orbital
structures due to packing effects and noise. Systematic errorscannot have been involved directly in-Gsocyanider-back-
can still be important, but trends often appear more clearly from ponging, because it is of the wrong symmetry. However,
calculated data. For the neutral complexes, for which we have yemoving an electron from it lowers the levels of all remaining
collected a fair amount of structural data, the calculatedt Cr  occupied chromium d orbitals and so makes them less available
Cisocyanidedistance is typically too short by 0.6D.02 A, while for electron back-donation.
the calculated &N bond is usually too long by roughly the iii. Energies. To facilitate interpretation of the results, we
same amount (this bond length is also overestimated for the h4ye included the CO complex as a reference compound. Table

free ligands). The spread in both parameters induced by ligandg shows relative binding energies of CO and isocyanides to the
variation is larger than this, and the experimental and calculated 554 chromocene fragment. Apparentlgll isocyanides bind
data both show the inverse correlation between the two bond ¢omewhat more weakly than CO. This is not very surprising:

lengths, as can be seen in the plot of both experimental and;, the neytral systems-backbonding dominates, and this will
calculated Cr Cisocyanicebond lengths vs €N bond lengths for e gtronger for CO than for any isocyanide ligand. Of the
the neutral complexes in Figure 15a. For the cationic complexes,

only three X-ray structures are available, one of which is of  (41) Lauher, 3. W.: Hoffman, RI. Am. Chem. S0d.976 98, 1729
insufficient quality to trust the bond lengths. Here, use of the 1741.
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Table 5. Geometrical Parameters (A, deg) for Calculated and Observed Structures

Shapiro et al.

free ligand complex EN
ligand C-N N—-C Cr-C C—N N-C OCNC elongation
Neutral Complexes
CO calc (1.142) 1.855 (1.174) 0.032
CNH calc 1.185 1.851 1.232 122.0 0.047
CNtBu X-ray 1.148 1.469 1.873(3) 1.214(4) 1.482(4) 131.1(3) 0.069
calc 1.188 1.444 1.869 1.223 1.474 136.5 0.035
CNTs X-ray 1.155 1.430 1.859(3) 1.226(4) 1.462(4) 123.1(3) 0.048
calc 1.190 1.399 1.842 1.238 1.423 130.5 0.048
CNPh calc 1.191 1.385 1.875 1.211 1.366 166.2 0.020
calc (par) 1.849 1.232 1.402 136.1
CNXyl X-ray 1.160' 1.400 1.892(7) 1.195(7) 1.351(8) 180 0.035
calc 1.192 1.386 1.880 1.213 1.373 163.4 0.021
calc (par) 1.869 1.224 1.392 148.8 0.032
CNFc X-ray 1.15% 1.389 1.879(4) 1.205(5) 1.411(5) 134.4(4) 0.048
calc 1.191 1.375 1.852 1.231 1.393 135.0 0.040
CNPhNC X-ray 1.168 1.393 1.861(5) 1.232(6) 1.427(6) 128.6(5) 0.069
calc (GHa) 1.192 1.382 1.849 1.233 1.401 134.6 0.041
calc (GMey) 1.843 1.234 1.402 132.2 0.042
CNPhNC calc (GHa) 1.848 1.227 1.395 138.1
(monocation) calc (eMes) 1.841 1.229 1.397 134.6
CNFcNC X-ray 1.852(4) 1.230(4) 1.415(4) 125.8(3)
1.862(4) 1.224(4) 126.4(3)
Cations
CO calc (1.142) 1.867 (1.159) 0.017
CNH calc 1.185 1.886 1.198 147.5 0.013
CNtBu X-ray 1.14%8 1.469 1.956(3) 1.155(4) 1.455(4) 173.9(4) 0.014
calc 1.188 1.444 1.931 1.186 1.450 178.7 —0.002
CNTs calc 1.190 1.399 1.891 1.197 1.401 158.8 0.007
CNPh calc 1.191 1.385 1.915 1.191 1.381 177.1 0.000
calc (par) 1.914 1.192 1.384 178.2
CNXyl X-ray 1.933(5) 1.174(5) 1.396(5) 178.8(4) 0.014
calc 1.192 1.386 1.927 1.192 1.382 179.4 0.000
calc (par) 1.919 1.192 1.384 176.9 0.000
CNFc calc 1.191 1.375 1.918 1.192 1.371 173.2 0.001
CNGCsHaNC calc (GHa) 1.192 1.382 1.888 1.201 1.376 176.9 0.009
(monocation) calc (eMes) 1.882 1.200 1.373 179.5 0.008
CNGCsHINC X-ray? 1.163 1.393 1.942(8) 1.156(10) 1.411(10) 177.9(9) —0.007
calc (GH4) 1.192 1.382 1.899 1.197 1.376 179.3 0.005
calc (GMey) 1.896 1.199 1.375 179.5 0.007

apoor quality structure? Tada, H.; Tozyo, T.; Shiro, MJ. Org. Chem1988 53, 3366 (for at-alkyINC). ¢ Weener, J.-W.; Versleijen, J. P. G.; Meetsma,
A.; ten Hoeve, W.; van Leusen, A. NEur. J. Org. Chem1998 1511, 1 (for a CNCH-phosphonate)f! Mathieson, T.; Schier, A.; Schmidbaur, 8l.Chem.
Soc., Dalton Trans2001, 1196.¢ Wrackmeyer, B.; Maisel, H. E.; Tok, O. L.; Milius,W.; Herberhold, . Anorg. Allg. Chem2004 630, 2106-2109.
f Colapietro, M.; Domenicano, A.; Portalone, G.; Torrini, |.; Hargittai, |.; SchultzJGVol. Struct.1984 125, 19.

Table 6. Calculated Complexation Energies and Oxidation Summary and Conclusions

Potentials . o
Ecom (kCA/MOIy Eor (MV)° . Ligand substitution oan;achromocene carbony! precursors

) - is a general route to a variety ahsachromocene isocyanide

ligand neutral cation calc obs derivatives. We have yet to determine the mechanism for this
Cco (0) 0) —880 ligand substitution reaction; however, we suspect that the
CNH 3.54 —1.66 —1106 substitution of CO by isocyanide ligands is associative in nature
CNtBu 10.21 —2.07 —1413 —1154 . - e
CNPh 3.96 375 _1215 for the following reasons: (@) Brintzinger and co-workers have
CNXyl 6.85 —2.11 —1269 —1181 identifiedansachromocene dicarbonyl complex&s!2showing
CNFc 5.23 —2.32 —1208 —1153 that ring slippage can occur to accommodate a seceand 2
CNTs 0.62 —3.47 (-1058)  —1058 donating ligand on the metal. Furthermore, this ring slippage is
CNGCgHJNC 201 —1128 —1096

catalyzed by small amounts of oxidants, indicating that one-
electron oxidation of thensachromocene carbonyl complex
facilitates ring slippagé® (b) it is difficult to remove CO from
the neutral and cationic complexes by either thermal or
photochemical mearfs.

There is fairly good agreement among the crystallographic,

aRelative to the CO complexe%For calculated dataE.y for CNTs
arbitrarily fixed at its experimental value.

isocyanide complexes studied, the tosyl-substituted derivative

is the bestr-acceptor and binds most strongly. IR, NMR, and electrochemical data with respect to thac-

In the cationic_complexes, all Iigands bind more strongly than ceptor strength of the isocyanide ligands, giving the ordering
CO, but the differences between ligands are very small, CNCH,Tos > FCNC ~ t-BUNC > CNXyl.

consistent with the interpretation thadonation dominates and Consistent with the experimental data, DFT calculations
is relatively insensitive to electronic effects. The correlation indicate that CrCNR bonding in the neutral complexes is

between calculated and experimental redox potentials (Figure y;minated byz-back-donation. The amount of backbonding is
17) is fair, exceptfor the t-BuNC derivative, for which the

calculated value is much too negative. At present we do not
have an explanation for this discrepancy.

(42) Schaper, F.; Rentzsch, M.; Prosec, M.-H.; Rief, U.; Schmidt, K,;
Brintzinger, H. H.J. Organomet. Chen1997, 534, 67—69.
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Figure 15. C—N vs Cr—C bond lengths (A) for all calculated and observed neutral (left) and cationic (right) structures.

tetrahydrofuran (Fisher) was used as received for electrochemical
measurements.

NMR spectra were recorded on Bruker Avance 300MB (300
MHz H; 75.4 MHz,13C; 78 MHz,27Al) and a Bruker Avance 500
(500 MHz H; 125 MHz 13C; 470 MHz 1F; 202 MHz 31P)
spectrometers!H and 13C chemical shifts were referenced to
solvent, and®F and3P chemical shifts were referenced to external
standards (BOEL), 6 0; HPO,(80% aq),o 0).

Cyclic voltammetry measurements were performed on a BAS
CV50W voltammetric analyzer in a nitrogen-filled glovebox.
Potentials were measured, without IR compensation, against a

Figure 16. 4-LUMO for model of cation5". reference electrode consisting of a silver wire immersed in a solution
of AgNO; (0.01 M) in acetonitrile, using a glassy carbon working
-1.000 - electrode and a platinum wire as the counter electrode. Measure-
ments were performed on THF solutions of the sample complex
1,050 - (<1 mM) containing 0.3 M [NBu][PF¢] electrolyte. All potentials
¢ are referenced to the ferrocéfte couple €, ~ 200 mV), which
1100 4 - was measured separately prior to each sample measurement.
Z IR spectra were obtained on an ATl Mattson Genesis Series FTIR
2 150 4 . spectrophotometer and_on a Bio Rad F_T-IR spectrometer FTS 175C.
= NIR spectra were obtained on a Perkin-Elmer 330 spectrophotom-
* eter. The samples were measured as THF solutions of the complexes
-1.200 4 under nitrogen in sealed 1 cm quartz cuvettes.
Magnetic susceptibilities were determined on either solid samples
=1.250 " " ' of the complexes using a Johnson Matthey magnetic susceptibility
-1500  -1.300 1100 -0.900 balance type MSB, model MK I, or on solution samples according
Ecae (mV) to the Evans NMR methotf.Molar magnetic susceptibilities were
Figure 17. Calculated vs observed oxidation potentials (triangular corrected for diamagnetism using Pascal consténts.
data point is fort-Bu isocyanide derivative). Elemental analyses were determined by Desert Analytics (Tus-

con, AZ). In some cases the carbon values wer8% below

sensitive to the steric and electronic properties of the ligands, theoretical. In one case (compouiid) addition of WQ to the
but changes in backbonding are associated with relatively small sample prior to combustion improved the carbon value. Therefore,
energy changes. In the & tationic species, back-donation is the low carbon values could be partly due to incomplete combustion.
greatly diminished, and-donation is the dominant interaction. ~ With the exception of paramagneficb][PF¢],, *H NMR spectra

Since oxidation occurs from a chromocene orbital that does have been deposited in the Supporting Information for compounds
not interact with anyr orbital on the isocyanide ligand, there whose analyses were out of range.
is little communication between the oxidized Cr center and any = Complexesla, 1b, 2a, and 2b were prepared as described
7 system attached to the isocyano group. This provides a previously?*2!Isocyanoferrocene was prepared in six steps starting
rationale for the lack of communication between the metal from ferrocene according to literature preparations. Aminoferrocene

centers in the phenylene- and ferrocenylene-bridged systemsWas prepared as described by Bildstein efdlhis was converted
to isocyanoferrocene in a slightly modified version of the synthesis
) ) described by Knox et &t A more efficient method for preparing
Experimental Section isocyanoferrocene from aminoferrocene was recently reported by

) ) Holovics et aF® Diisocyanoferrocene was prepared as described
General Procedures All manipulations were performed under
d!nltrogen, argon, or vacuum using a combination of glovebox, (43) Perrotin, P.; Shapiro, P. J., unreported results.
high-vacuum, and Schlenk techniques. HPLC grade solvents were  (44) Evans, D. FJ. Am. Chem. Sod.959 92, 2003-2005.
dried by passage over alumina and then stored in line pots from  (45) Konig, E.; Kénig, G. K. Magnetic Properties of Coordination and
which they were vacuum transferred from sodium/benzophenone.2TGII\;’T‘”(;E”c“jeta”s'C _Tran5|\t}on| MetaBI CIQmFngggdf\‘;f”IWigey K.-H., Hellweg,
i . ML, S., Springer-veriag: eriin, , Vol .
Argo_n was purified by passa_tge over an oxy tower BASF catalyst (46) Bildstein, B.; Malaun, M.; Kopacka, H.; Wurst, K.; Mitterboeck,
(Aldrich) and 4A molecular sieves. Deuterated solvents were dried \.; Ongania, K. H.; Opromeolla, G.; Zanello, Prganometallics1999
over 4A molecular sieves and stored in the glovebox. HPLC grade 18, 4325-4336.
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by van Leusen and Hessé&h[(CsHs).Fe][B(Arg)s] (Arg = 3,5-
(CR)CgH3) was prepared according to a literature procetiuard
recrystallized from CKHCI, at —78 °C. 1,4-Phenylene diisocyanide
was purchased from Aldrich and used as received.

Preparation of [rac-PhyH ,Cy(17%-CsH ).} CrCN-t-Bu][B(C ¢Fs)4]
([2b][B(C Fs)4)]- Solutions of [PRC][B(CsFs)4] (0.52 g, 0.56 mmol)
in 30 mL of toluene an@b (0.23 g, 0.52 mmol) in 30 mL of toluene
were combined in a round-bottom flask in the glovebox and stirred
for 6 h. Upon standing for an hour unstirred, the reaction mixture
separated into two distinct layers, a yellow layer atop a red oil.
The yellow layer was removed with a pipet and the volatiles from
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product. Separation d from the side product was achieved by
extracting the solid with ca. 300 mL of £. Compound5
precipitated upon reducing the volume of the ethyl ether extract to
30 mL under vacuum, and 0.67 g (54% yield) was isolated after
filtration. Single crystals ob were obtained by slow evaporation
of a solution of the compound in benzedeunder a nitrogen
atmosphereH NMR (300 MHz, 298 K, GDg): 6 7.13 (m, 4H,
CeHs), 7.07—7.00 (m, 6H, GHs), 4.94 (m, 2H, (GH4).Cr), 4.54

(M, 2H, (GH4)2Cr), 4.45 (m, 1H, CN(€H4)Fe), 4.42 (m, 1H, NC-
(CsHa)Fe), 4.26 (m, 2H, (€H4)2Cr), 4.17 (s, 5H, (€Hs)Fe), 3.90

(s, 2H, PhC,H,), 3.91 (m, 2H, NC(GH,)Fe), 3.87 (m, 2H, (€Ha4)o-

the red oil were removed under reduced pressure with gentle Cr). 13C{H} NMR (125 MHz, 298 K, GDg): 6 274.0 (NCCr),

heating, leaving a red solid, which was recrystallized from toluene
by storing the solution for several days-a80 °C (yield: 0.31 g,
53%). IR (Nujol mull): 2139, 2199 cnt (v NC). Anal. Calcd for
CsaHooCrBRN: C, 56.72; H, 2.58; N, 1.25. Found: C, 57.07; H,
2.61; N, 0.90uer = 1.8 ug (Evans NMR method).

Preparation of { (CH3)4C2(55-CsH.)2} CrCN(CH »-p-Tosyl) (3).
Diethyl ether (50 mL) was transferred under vacuum into a flask
containingla (0.75 g, 2.6 mmol) and CN(Ctp-Tosyl) (0.51 g,

2.6 mmol) cooled at-78 °C. The reaction was allowed to warm
gradually to room temperature. At room temperature, a rapid

126.7, 127.5, 128.3, 142.€4Hs), 82.0, 80.0, 78.6, 77.9C6H,) -

Cr), 69.7 (CsHs)Fe), 64.0, 65.9 ((CRsH,)Fe), 54.8 (PKC,H,).

IR (Nujol mull): 1829 cnr (v NC). Anal. Calcd for GsHagCrFeN:

C, 73.56; H, 5.10; N, 2.45. Found: C, 73.95; H, 5.03; N, 2.52.
Preparation of [[rac-{ PhyH ,Ca(55-CsH4)2} CrCN-(75-CsHa)]-

(175-CsHs)Fe][PFg] ([5][PF¢]). Complex5 was prepared in situ by

reactingla (800 mg, 2.1 mmol) with isocyanoferrocene (400 mg,

1.9 mmol) in 50 mL of THF. The solution was cooled t60©, and

[(CsHs) Fe][PR] (626 mg, 1.9 mmol) was added via a solid

dispenser sidearm. This mixture was stirred for 30 min 4€0

evolution of CO gas was observed. The reaction was stirred for an ynger an atmosphere of argon. Cooling the solution-&8 °C

additional hour after all gas evolution had ceased. All volatiles were
removed from the reaction product under reduced pressure, an
the red-brown powder was washed with 25 mL of petroleum ether.
Crystallization of the material from toluene at30 °C afforded
0.75 g of 3 (yield: 63%) as brown platesH NMR (300 MHz,

298 K, GD¢): 0 8.01(d,3Jyn = 7.8 Hz, 2H, GHy), 6.75 (d,3JuH

= 7.7 Hz, 2H, GHy), 4.98 (m, 4H, GH,), 4.53 (s, 2H, SE,),
3.97 (m, 4H, GH,), 1.83 (s, 3H, E3CeH,4S), 0.88 (s, 12H,
(CH3)4Cy). 1B8C{*H} NMR (125 MHz, 298 K, GDg): 0 290.6
(CrCN), 144.1, 136.1, 129.4 128.8¢H,), 112.7, 81.4, 76.5GsH.),
71.4 (NQCH,S), 44.3 Cx(CHa)s), 27.1 (CH3)4Cy), 21.0 CH3CgHy).

IR (Nujol mull): 1752 cnt®; THF solution, 1774 cmt (v CN).
Anal. Calcd for GsH2oCrNOS: C, 65.33; H, 6.37; N, 3.04.
Found: C, 63.03; H, 6.31; N, 2.32. Carbon was consistently low
upon reanalysis.

Preparation of {(CH3)4Cx(55-CsHy)2} CrCN(Xyl) (4). The
synthetic procedure is identical to that described3fdrhe reaction
betweenla (0.50 g, 1.7 mmol) and CNXyl (0.22 g, 1.7 mmol)
afforded 0.45 g oft (72% vyield) as orange plate$d NMR (300
MHz, 298 K, GDg): ¢ 6.90-6.80 (m, 3H, GH3), 4.70 (m, 4H,
CsHy), 3.84 (m, 4H, GHy), 2.20 (s, 6H, 2,6-(63),CsH3), 0.87 (s,
12H, (CH3)4Cy). 13C{*H} NMR (125 MHz, 298 K, GD¢): 6 239.7
(CrCN), 134.7, 132.4, 128.4, 123.C4H3), 108.4, 80.3, 75.3qsH.),
44.2 (Cz(CH3)4), 27.3 (CH3)4C2), 18.5 (CHg)zCeHg) IR (NU]O|
mull): 2006 cm®; (THF) 1980 cmi! (v CN). Anal. Calcd for
CysHooCrN: C, 75.92; H, 7.41; N, 3.53. Found: C, 74.76; H, 6.69;
N, 3.31. Carbon was consistently low on reanalysis.

Preparation of [{ (CH3)4Ca(75-CsHa)2} CrCN(Xy)][B(C 6Fs)4]

dproduced a brown precipitate, which was collected by filtration to
afford 0.91 mg of product (68% yield}H NMR (300 MHz, 298
K, acetoneds): 7.88, 7.08 (broad, gs), 4.76 (broad, CN(€H,)-
Fe), 4.13 (broad, (§s)Fe), 3.27 (broad, CN(,)Fe). 3P NMR
(202 MHz, 298 K, acetonds): 6 —142.7(hept.1Jpr = 707 Hz).
9F NMR, (470 MHz, 298 K, acetonds): 6 —69.85 (d, Jpr =
707 Hz). IR (Nujol mull): 2118 cm! (v NC). Anal. Calcd for
CssHagCrFeNPE: C, 59.06; H, 4.42; N, 1.86. Found: C, 59.12; H,
4.35; N, 1.66.ue = 1.9 ug (Magnetic susceptibility balance and
Evans NMR method).

Preparation of 1,4-[MeyCa(15-CsHa)2} CrCN] ,CeH4 (6). The
synthetic procedure is similar to the one describedSoAfter
heating the 50 mL THF solution of reactarits (1.3 g, 4.6 mmol)
and 1,4-phenylene diisocyanide (295 mg, 2.3 mmol) at@Gdor
20 min, the solution was concentrated to 25 mL and cooled®
°C to afford crystals of deep re&l(0.98 g, 65% yield), which were
isolated by filtration. Single crystals @& were obtained by slow
evaporation of a THF/gDs solution of the compoundH NMR
(500 MHz, 25°C, GDg): 0 7.53 (s, 4H, CNEH4NC) 4.57 (m,
8H, (GsH4)2Cr), 3.99 (m, 8H, (GH4)Cr), 0.95 (s, 24H, &CHa),).
13C NMR, (500 MHz, 25°C, CiDg): 0 278.3 (NC), 124.7, 140.4
(CNCgH4NC), 76.2, 80.6, (€sH4)2Cr), 44.5 Co(CHy)s), 27.4 (G-
(CHa)s). IR (Nujol mull): 1766 cntt (v NC)). Anal. Calcd for
CuoHa4CroNy: C, 73.15; H, 6.75; N, 4.27. Found: C, 70.36; H, 6.37;
N, 3.81. Carbon was consistently low on reanalysis.

Preparation of [1,4-[Me;Cy(5>-CsHa)2} CrCN] 2CeH.][B(3,5-
(CF3)2CsH3)4]2 ([B][B(Ar £)4]2). A mixture of complex6 (0.145 g,

([4][B(C 6Fs))]). The synthesis is the same as that described above 0-22 mmol) and [Cgre][B(Are)s] (0.462 g, 0.44 mmol) was

for [2b*][B(CeFs)4)]. The reaction between [RG][B(CgFs)4] (0.42

g, 0.46 mmol) and4 (0.16 g, 0.40 mmol) in 30 mL of toluene
afforded 0.24 g (49% yield) of the product as a red crystalline solid.
IR (Nujol mull): 2119 cnv* (v NC). ter = 1.9 ug (Evans NMR
method). Anal. Calcd for 6H3,.CrBF,oN: C, 54.75; H, 2.73; N,
1.30. Found: C, 55.27; H, 3.21; N, 1.31.

Preparation of [rac-{ Ph,H,Cx(55-CsH )2} CrCN-(#5-CsHa)]-
(p5-CsHs)Fe (5). The synthetic procedure is similar to the ones
above except that the reaction betwde(0.99 g, 2.5 mmol) and
isocyanoferrocene (0.46 g, 2.2 mmol) was performed in 50 mL of
THF instead of B, and the reaction mixture was heated at 40

dissolved in 30 mL of THF at-78 °C. The reaction mixture was
allowed to warm to @C and stirred for 45 min. The solvent of the
resulting dark brown solution was removed under vacuum, and the
residue was washed with warm benzenex(45 mL) to remove

the ferrocene coproduct. The red-brown powder was dissolved in
methylene chloride, and the solution was filtered and then concen-
trated to 15 mL and stored for 20 h at35 °C, forming large,
brown crystals, which were isolated by filtration and dried under
vaccum, affording 0.365 g @* (70% yield).*"H NMR (300 MHz,

298 K, DMSO+g): 6 7.71 (s, 8H, B(Ag)4 p-H), 7.60 (s, 16H,
B(Arg)4 0-H), —2.16 (bs, G(CHa3)4). 1°F NMR (280 MHz, DMSO-

°C for 20 min. Removal of the solvent under reduced pressure left d5): 0 —61.58 (s, &). IR (Nujol mull): 2088 cn* (v CN). peft

a reddish-brown solid consisting & and a paramagnetic side

(47) Heinekey, D. M.; Radzewich, C. Brganometallics1988 7, 51—
58.

= 2.3ug (Magnetic susceptibility balance and Evans NMR method).
The molecule cocrystallized with 0.225 equiv of &b Anal.
Calcd for Qo4_22§'|68_50chC|0_50d:48N2CI'2: C,52.11;H,2.87; N, 1.17.
Found: C, 51.72; H, 3.08; N, 1.21.



ansa-Chromocene Complexes

Preparation of [Me,Co(175-CsHa)2} CrCN-(55-CsH )] .Fe (7a).
The synthetic procedure is similar to the one describe&.féxfter
heating the 50 mL THF solution of reactarits (1.0 g, 3.4 mmol)
and diisocyanoferrocene (0.40 g, 1.7 mmol) at°@for 20 min,
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1471 frames){2b][B(CeFs)4] (20 s, 2132 frames) (20 s, 2132
frames);4 (30 s, 1471 frames]4][B(CeFs)4] (20 s, 1471 frames);
5(20 s, 1471 framesp (40 s, 1471 framesya (5 s, 2132 frames).
The first 50 frames were re-collected at the end of data collection

the solution was concentrated to 20 mL and 60 mL of hexane wasto monitor for decay. Cell parameters were retrieved using
layered on top of the solution. The reddish-brown product was SMART*® software and refined using SAINTPRi®n all observed

crystallized by cooling this mixture at78 °C, and 0.64 g (49%
yield) was collected by cold filtration. Single crystals 4 were
obtained by slow evaporation of a solution of the compound in
CsDe. *H NMR (500 MHz, 298 K, THFdg): ¢ 4.76 (m, 8H, (GH4)-
Cr), 4.30 (m, 4H, (6H4)Fe), 4.04 (m, 4H, (eH,)Fe) 3.92 (m, 8H,
(CsH4)Cr), 1.19 (s, 24H, &CHg),). 13C{*H} NMR (125 MHz, 298
K, CeDg): 0 278.6 (NCCr), 80.8, 76.1, €sH,)Cr), 65.2, 66.8,
((CsHy)Fe), 44.5 Co(CHa)s), 27.5 (G(CHag)s). IR (Nujol mull):
1751 cnt® (v NC). Anal. Calcd for GoHs4CrFeN: C, 69.1; H,
6.37; N, 3.63. Found: C, 68.72; H, 6.21; N, 3.49.

Preparation of [rac-PhyH,Cy(#5-CsH )2} CrCN-(55-CsH )] .Fe
(7b). The synthetic procedure is similar to the one describe&.for
After heating the 50 mL THF solution of reactarits (1.0 g, 2.6
mmol) and diisocyanoferrocene (0.30 g, 1.3 mmol) at@Gor 20

reflections. Data reduction and correction fqy and decay were
performed using the SAINTPIlus software. Absorption corrections
were applied using SADABS. The structure was solved by direct
methods and refined by least-squares methodFérusing the
SHELXTL program packag®. All non-hydrogen atoms were
refined anisotropically except f¢2b][B(CsFs),]. In this compound,
the ansabackbone and phenyl are disordered over two positions
(60% major fraction). The disordered carbon atoms were held
isotropic. No decomposition was observed during data collection.
Details of the data collection and refinement are given in Table
1.

Calculations. All calculations were carried out with the Turbo-
mole prograrf?54coupled to the PQS Baker optimiZ&&Ee Calcula-
tions on open-shell systems used the spin-unrestricted formalism.

min, the volatiles were removed under reduced pressure and theGeometries were optimized without constraints at the P86
product was extracted from the reddish-brown residue with 300 RIDFT®?level using the Turbomole SV(P) basis®3&ton all atoms.

mL of ethyl ether. The product was precipitated by concentrating
the ether solution to 30 mL and was collected by filtration (0.78 g,
63% yield).'H NMR (500 MHz, 298 K, THFdg): ¢ 7.08, 7.16,
7.28 (m, 20H, GHs), 5.30 (M, 4H, (GH,)Cr), 4.75 (M, 4H, (GHy)-
Cr), 4.43 (m, 1H, (GH4)Fe), 4.41 (m, 2H, (6Hs)Fe), 4.38 (m, 1H,
(CsHa)Fe), 4.27 (m 4H, (6H,4)Cr), 4.20 (s, 4H, [PFCH,)), 4.12
(m, 4H, (GH,)Fe), 3.86 (m, 4H, (6H4)Cr). 13C NMR, (125 MHz,
298 K, THFdg): o 276.2 (NCCr). 127.2, 128.5, 128.9, 143.7
(C¢Hs), 82.6, 82.5, 80.5, 79.1, 78.1,0¢H,4)Cr), 67.0 65.4, 65.3,
65.2, CsHa)Fe), 55.3 (PBCH,). IR (Nujol mull): 1763 cn?® (v
NC). Anal. Calcd for GoHssCroFeNs: C, 75.31; H, 5.06; N, 2.93.
Found: C, 73.95; H, 5.03; N, 2.52. Carbon was consistently low
on reanalysis.

Preparation of [[rac-PhH,Cx(17>-CsHa)2} CrCN-(17°-CsHa)]Fe]-
[PFe)2 ([7b][PFe¢)2). The same procedure as described53iPFg]
was used. CompleXb was formed in situ fronilb (0.90 g, 2.3
mmol) and diisocyanoferrocene (0.27 g,1.16 mmol) in 50 mL of
THF and reacted with [(6Hs).Fe][PR] (0.77 g, 2.3 mmol) at O
°C. The product was precipitated from solution-af8 °C and
collected by filtration, affording 0.95 g 47b][PF¢]. (65% yield).
IH NMR (300 MHz, 298 K, acetonds): ¢ 8.03 (broad, Hs).
7.37 (broad, @Hs), 7.07 (broad, gHs), 4.96 (broad, CN(€H.,)-
Fe), 3.13 (broad, CN(i,)Fe). 1P NMR, (202 MHz, 298 K,
acetoneds): 0 —142.2 hept.1Jpr= 707 Hz).1%F NMR (470 MHz,
25°C, acetonads): 6 —69.83 (d,XJpr= 707 Hz). IR (Nujol mull):
2113 cnmit (free diisocyanoferrocene), 2137 ch(v NC). ueff =
2.6 ug (magnetic susceptibility balance and Evans NMR method).
Anal. Calcd for GoH4sCroFeNoPsF12: C, 57.80; H, 3.88; N, 2.25.
Found: C, 54.98; H, 3.84; N, 2.21. Carbon was consistently low

Improved energies were obtained from single-point calculations at
the b3-lyp levell-64 using the TZVP basi% > Solvent corrections
were calculated at the b3-lyp/TZVP level using the COSMO
solvation modéP with a dielectric constant of 7.5 (THF). For these
relatively large systems, vibrational analyses (and hence thermal
corrections) were not feasible.

CCDC 265602265609 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, by e-mailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.
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