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New ferrocene-based chelate amines, Fe[ CsH,CH(Me)NMe.]; (3), Fe[ CsHy(CH(Me)NMe;)(PPhy)-1,2]; (4), (CsHs)Fe(CsH;
(CH;NMe,)(CH(CN)NMe,)-1,2) (6), and (C:Hs)Fe(CsHs(CH.NMe)(CH(Me)NMe;-1,2) (7) have been prepared. The reac-
tion and the coordination chemistry of 4 and other related compounds (S,R)-(1-N,N-dimethylaminoethy!)-2-dicyclohexyl-
phosphino)ferrocene (CPFA) and 1,1'-bis-(diphenylphosphino)ferrocene (BPPF) with Rha(OAc)(MeOH), were investiga-
ted. The reaction of the chiral ligand (S,R)-CPFA forms a complex of the type (n'-(S,R)-CPFA-P);Rh;(OAc); (8) in
which the ligand is coordinated to both rhodium centers in a monodentate fashion through phosphorus. In contrast,
the bisphosphine analogues such as BPPF and 4 afford chelate complexes of the type (n>-PP)Rhy(OAc), (9 & 10)
where both ligands act as a chelate bidentate to a single rhodium atom. All these complexes were characterized
by microanalytical and spectroscopic techniques. In one case, the structure of 8 was determined by X-ray crystallogra-
phy. Crystals are monoclinic, space group C2 (No. 5), with a=26.389 (3), 5=12.942 (1), c=11.825 (1) A, p=11122
(1°, V=3964.7 (8) A%, Z=4, and D, =158 g cm™% Two Rh(II) centers are bridged by four AcO~ groups in the
n':n! mode across a Rh-Rh single bond, and octahedral coordination at Rh(1) and Rh(1’) is completed by axially
coordinating (S,R)-CPFA and a briding AcO~, respectively.

Introduction

Dimeric rhodium(Il) complexes'?, notably those with bridg-
ing carboxylate ligands®, have been the subject of consider-
able study in the past two decades. Their interesting struc-
tural and spectroscopic properties, along with observed catal-
ytic!, and antitumor activities’, have led to numerous investi-
gations of the rhodium-rhodium and rhodium-ligand interac-
tions. These complexes contain a rhodium-rhodium single
bond with four equatorial bridging carboxylate ions, which
are relatively inert to substitution®. The two axial positions
may be occupied by donor solvents that can undergo rapid
ligand exchange to yield adducts with a variety of ligand
species®. In this connection, much attention has recently been
focused on the nature of the rhodium-ligand bonding interac-
tions, ie., cyclometallation reaction.””*

As part of our ongoing project on the synthesis and appli-
cation of rhodium complexes incorperating ferrocene-contain-
ing ligands in homogeneous catalysis*, we have prepared
some ferrocenylphosphines including those new series of
aminoferrocenes 3, 4, 6, and 7 described in Schemes 1 &
2 and their dirhodium acetate complexes 8-10 to investigate
not only the coordination behavior of these ligands with Rh,
(OAc);(MeOH); but catalytic potentiality of the resulting com-
plexes. One such area would be asymmetric cyclopropana-
tion’® " as represented by equation (I).

In this paper are described the synthesis and structural

Rhal*
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characterization of these new ferrocene-based ligands. Also
are described the reaction and coordination chemistry of Rh,
(OAc), with the ligand 4 and other related compounds BPPF
and CPFA as presented in Scheme 3.

Experimental

Reagent and Instruments. All manipulations were
carried out under an argon atmosphere using a double mani-
fold vacuum system and Schlenk techniques. All commercial
reagents were used as received unless otherwise mentioned.
Solvents were purified by standard methods!®, and were
freshly distilled prior to use. Microanalyses were performed
by The Center for Instrumental Analysis, Kyungpook Natio-
nal University. 'H and P NMR spectra were recorded on
a Bruker AM-300 spectrometer operating at 300 and 1215
MHz, respectively. 'H shifts are reported relative to external
TMS (6=0 ppm) and 3P shifts relative to 85% H,PO, IR
spectra were recorded on a Mattson FT-IR Galaxy 6030E.
Melting points were determined using Thomas-Hoover melt-
ing point apparatus and reported without correction. The
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ligands BPPF and (S,R)-CPFA were prepared and resoloved
as reported previously.?

X-ray crystallographic analysis of (1'-(S,R)-CPFA-P),
Rh2(OAc), (8). Crystal of 8 was grown at room tempera-
ture from a hexane/acetone solution of the compound. The
crystal, 0.10X0.14X0.16 min, was mounted in a capillary on
an Enraf-Nonius CAD-4 diffractometer, and lattice parame-
ters were determined by least-squares analysis of 25 reflec-
tions. Data were collected with graphite-monochromated
MaKa (A=0.71073 1&) by using the ®/20 scan mode. The
intensity standard were monitored every 1 h during data
collection. The data were modified for Lorentz-polarization
effects and decay. Empirical absorption correction with -
scans was applied to the data. The structure was solved by
use of the conventional heavy-atom method as well as Fou-
rier difference techniques and refined on F by means of
full-matrix least-squares procedures using Molen. All non-
hydrogen atoms except for hydrogen atoms were refined ani-
sotropically. The final cycle of refinement converted with
R=0050 and Ro=0.071, where w is 1/[(c()*+ (pF,))22F 7.
The shift/esd ratio in the last cycle of least-squares is less
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than 0.08 for all parameters. Crystal data, details of the data
collection, and refinement of the structure are listed in Table
4. Final positional parameters and temperature factors are
listed in Table 3.

Synthesis of Ferrocene-1,1'-dicarboxaldehyde (1).

Ferrocene-1,1'-dicarboxaldehyde was prepared as reported
previously with slight modification®® Ferrocene (5.0 g 26
mmol) in dry ether (60 m/) was treated with 1.6 M n-butyl-
lithium (35.3 m/, 56 mmol) in hexane, and subsequent addi-
tion of N,N,N’",N’-tetramethylethylenediamine (TMEDA) (8.5
m/, 56 mmol). The reaction mixture was stirred for 20 h,
then dimethylformamide (DMF) (6.5 m/) was added dropwise
at —78 C. After stirring 2 h, the mixture was hydrolyzed
at —78 C. The cooling bath was removed, and then warmed
to room temperature over a period of 1 h. The organic phase
was extracted with CH;Cl, to give a red solution that was
applied to column chormatography (silicagel) and the two
major product bands were identified by visual inspection.
The eluents used were mixtures of hexane and diethyl ether
or CH,Cl; in increasing polarity throughout the separation.
The first band of ferrocenecarboxaldehyde was eluted using
a mixture of hexane/diethyl ether (1/1), and the second band
of ferrocene-1,1'-dicarboxaldehyde using a mixture of diethyl
ether/CH,Cl; (1/1). The first product was crystallized from
hexane/diethyl ether (1/2) to give ferrocenecarboxaldehyde
as orange-red soild (0.87 g, 15%). The second product crysta-
llized from cyclohexane was identified to be ferrocene-1,1'-
dicarboxaldehyde as shiny red crystals (4.6 g, 70%). mp. 147
€ (decomp); Anal. Calcd. For Fe,0,C;zHo: C, 59.55; H4, 16.
Found: C, 59.40; H, 3.90.

Synthesis of 2. This new compound was prepared es-
sentially by employing the preparative method for its mono
derivatives® Ferrocene-1,1'-dicarboxaldehyde (4 g, 165
mmol) dissolved in methanol (20 mL) was added at room
temperature to a stirred solution of sodium bisulfite (3.9 g,
37 mmol) in water (20 mL) in a 500 mL, round-bottom flask.
After stirring 30 min, a solution of dimethylamine (4.7 mL,
37 mmol) in water (40% wt) was added to the above mixture,
followed by a solution of sodium cyanide (1.8 g, 37 mmol)
in water (8 mL). The color changed from datk-red to brown-
red. Ether (35 mL) was added and the reaction mixture was
stirred overnight, then extracted with excess ether. The com-
bined etheral extracts were dried over K;COs, and the sol-
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vent was removed under vacuum. The residual amber oil
was recrystallized from CH;Cly/hexane. The yellow solid (2)
obtained was washed with hexane and dried under vacuum
39 'g, 68%). mp. 136 CT; Anal. Caled. For Fe,NsCisHp: C,
61.70; H, 6.33; N, 15.99. Found: C, 61.40; H, 6.14; N, 15.94,

Synthesis of 3. A solution of 2 (3.3 g 94 mmol) in
dry ether (20 mL) was added dropwise, through a pressure
eqalizing dropping funnel, to a solution of MeMgl prepared
from methyl iodide (2.4 mL, 37.7 mmol) and Mg (0.8 g, 34.3
mmol) in ether (25 mL) in a 500 mL, round-bottom flask.
The yellowish brown color of the aminonitrile changed to
reddish orange. The reaction mixture was stirred overnight
and slowly treated with ag. NH,Cl. The etheral layer was
separated and the aqueous layer extracted with excess ether.
The combined etheral extracts were dried over K,CO; and
ether removed at a reduced pressure to give an amber oil
(1.5 g 49%).

Synthesis of 4. The compound 3 (1 g 3.1 mmol) was
dissolved in dry ether (3 m/) in a Schlenk tube. To this
solution was added #-BuLi (1.6 M, 5.3 mL) in hexane. The
suspension was rapidly stirred, and freshly distilled TMEDA
(1 g 85 mmol) was added slowly to give a deep cherry
solution. After stirring 8 h, Ph,PCl (1.5 g, 8.5 mmol) was
added dropwise through a pressure equalizing dropping fun-
nel. The reaction mixture was stirred overnight. Following
careful hydrolysis with aqueous sodium bicarbonate, the or-
ganic layer was separated, dried over K:CO;, filtered, and
the resulting orange-red solution was evaporated to dryness.
The oily residue was recystallized from EtOH/ether (1/1).
The orange crystals obtained were washed with EtOH and
dried under vacuum (0.23 g, 11%). mp. 196 CT; Anal. Calcd.
For Fe,P,N,CoHe: C, 72.40; H, 6.65; N, 4.000. Found: C,
72.10; H, 6.61; N, 3.60.

Synthesis of 5. N N-dimethylaminomethylferrocene (5
g, 20.6 mmol) in dry ether (55 mL) was treated with n-butyl-
lithium (1.6 M, 156 mL) in hexane. The reaction mixture
was stirred for 6 h, and dry DMF (5.2 mL) was added drop-
wise at —78 . The color changed from orange-red to
brown while the reaction mixture was stirred overnight. The
mixture was hydrolyzed at —78 T. The cooling bath was
removed, and then warmed to room temperature over a pe-
riod of 1 h. The organic phase extracted with CH,Cl,, dried
over MgSO,, and the solvent removed at a reduced pressure
to give a red oil (7 g, 93%).

Synthesis of 6. A solution of 5§ (6.3 g 23.1 mmol) in
methanol (25 mL) was added at room temperature to a stir-
red solution of sodium bisulfite (2.7 g, 25.8 mmol) in water
(14 mL) in a 500 mL, round-bottom flask. After stirring 1
h, a solution of dimethylamine (3.2 mL, 25.8 mmol) in water
(40% wt) was added to the above mixture, followed by a
solution of sodium cyanide (1.2 g, 23.1 mmol) in water (6
mL). The color changed from red to brown. Ether (30 mL)
was added and the reaction mixture was stirred overnight,
then extracted with excess ether. The combined etheral ex-
tracts were dried over K,CO;, and solvent removed at a re-
duced pressure to give an amber oil (2.8 g 34%).

Synthesis of 7. A solution of 6 (2.8 g 8.7 mmol) in
dry ether (13 mL) was added dropwise, through a pressure
equalizing dropping funnel, to a solution of MeMgl prepared
from methyliodide (2 mL, 19 mmol) and Mg (042 g 174
mmol) in ether (20 mL) in a 500 mL, round-bottom flask.
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The yellowish brown color of the aminonitrile changed to
orange. The reaction mixture was stirred overnight and slow-
ly treated with aq. NH,CL. The etheral layer was separated
and the aqueous layer extracted with excess ether. The com-
bined etheral extracts were dried over K,CO; and ether
removed at a reduced pressure to give an amber oil (1.8
g, 55%).

Synthesis of 8-10. These were prepared typically as
follows. An aqua-blue slurry of Rhy(OAc),(MeOH),* (30.3 mg,
0.06 mmol) in acetone (10 mL) was treated with a solution
of one or one and half molar amount of corresponding liga-
nds in acetone (5 mL), and stirred at room temperature for
10 min to give precipitates. The solid was isolated by filtara-
tion, washed copiously with acetone, dried in vacuum, and
recrystallized from acetone/hexane (3/1).

Yield of 8: (0.023 g, 29%). red solid; mp. 170 T (decomp);
Anal. Calcd. For haFCszOsNzCsngz! C, 5343, H, 210, N,
6.83. Found: C, 53.79; H, 2.56; N, 6.88.

Yield of 9: (0.021 g, 35%). orange solid; mp. 192 T (de-
pomp); Anal. Calcd. For RhyFe,P.0sCyoHyo: C, 50.65; H, 4.02.
Found: C, 50.49; H, 4.04.

Yield of 10: (0.023 g, 33%). red solid; mp. 185 T (decomp);
Anal. Caled. For RhyFe,P,OsN.C5oH®: C, 52.70; H, 5.10; N,
246. Found: C, 52.63; H, 5.14; N, 2.48.

Results and Discussion

Ferrocene-Containing Chelate Ligands. Schemes 1
and 2 show the synthetic routes leading to the formation
of a series of chiral bidentate ferrocenylamines (3 and 7)
and a potential tetradentate aminophosphine (4). The key
intermediates mono- and bis-ferrocenecarboxaldehydes, 1
and 5, in both schemes are easily prepared by treating the
corresponding lithioferrocenes with DMF as described by
Balavoine ef al.” The TMEDA adduct of 1,1'-dilithioferrocene
may be used either in situ or separated as an pyrophoric
powder for further reactions. There are, however, distinct
advantages in using the isolated product in order to guaran-
tee the maximum yield of 1 with the reduced amount of
the monoaldehyde derivative. As for the formation of the
racemic chiral aminoaldehyde (5), the lithioaminoferrocene
was used in situ.

The next step essentially employs the well-known pro-
cedure developed by Lindsay® for the preparation of the
chelate bidentate amines 3 and 7. Although the resolution
of these chiral amines was not conducted at this stage the
ligand 3 may be obtained in principle as a pair of enantio-
mers (R R)- and (S,5)-3 by simple modification of Ugi's proce-
dures? for the resolution of N,N-dimethylethylferrocene, ab-
breviated as FA. Stepwise lithiation of 3 followed by treat-
ment with chlorophenylphosphine resulted in 4 as an air-sta-
ble orange solid.

It can be seen from Schemes 1 and 2 that mono- and
bis-ferrocenecarboxaldehydes may serve as very versatile
starting compounds for the preparation of a variety of ferro-
cene-containing derivatives

The formation of all these ligands have been confirmed
by spectroscopic data listed in Table 1. The 'H NMR patterns
for the racemic chiral ligands 2, 3, and 4 are as expected.
For instance, they give rise to the characteristic singlets for
the —NMe; protons at 2.27, 1.98, and 1.55 ppm, respectively.
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Table 2. Crystal Data, Data Collection, and Refinement of the

structure for 8

»

formula

fw

space group
a,

b

o P

A3

N<® O

Da.. (g-cm)

crystal size, mm

p (MoKa),cm™!

scan method

data collected

range of data collection

no. of unique data23c (1)

no. of parameters refined
R=Z (l|F,I-IFII)/ZIF,|

haF ezP zogN zcengz
1347.59

C2 (No. 5)

26.389 (3)

12.942 (1)

11.825 (1)

111.22 (1)

3964.7 (8)

4

158
0.10X0.14X0.16
31.99

®/26

5858

h-kt1; 2.61<20<30.44°
4505

343

0.050

Ro=Xe"(||F,|-|F|{}/Zo"*|F,] 0071

0=1/((c AP+QF7)"*/2F).

Table 3. Final positional parameters and B., temperature facto-

rs* for 8

Atom x

z B, A%

RH1  0.04543(2) —0.001
FE1  0.19486(4) —0.23235(9) 0.77408(9)  2.88(2)
P1 0.13748(6) 0.0173(1) 0.7537(1) 2.213)

0.579704)  2.316(8)

01 0.0164(2) —0.1048(5) 0.6699(4) 3.5(1)
02 0.0186(2) 0.1171(5) 0.6558(5) 3.5(1)
03 0.0687(2) 0.0988(5) 0.4743(4) 3.1(1)
04 0.0640(2) —0.1207(4) 0.4857(4) 3.0(1)
N1 0.2213(2) 0.0197(5) 0.5435(5) 3.2(1)

C1 0.1939(3)
Cc2 0.2285(3)
c3 0.2702(3)

C4 0.2610(3)
C5 0.2144(3)
C6 0.1181(4)
C7 0.1548(4)
C8 0.1949(4)

C9 0.1825(4)
C1o 0.1355(4)

—0.0741(5) 0.7786(6) 2.5(1)
—0.1162(6) 0.8950(6) 3.0(2)
—0.1758(7) 0.8769(8) 3.8(2)
—0.1732() 0.7481(7) 3.6(2)
—0.1083(6) 0.6874(6) 2.8(1)
—0.2848(7) 0.7435(9) 4.6(2)
—0.3260(8) 0.8574(8) 4.7(2)
—0.3837(7) 0.8269(9) 5.2(3)
—0.3775(7) 0.6936(8) 4.5(2)
—0.3141(8) 0.6466(8) 4.6(2)

c11 0.1365(3) 0.0254(6) 0.9112(5) 271
C12 0.1054(4) 0.1186(8) 0.9303(7) 5.0(2)
C13 0.1083(4) 0.1205(9) 1.0677(7) 5.6(2)
Cl4 0.0865(4) 0.0241(9) 1.0980(7) 4.9(2)

C15 01141(4)
Cl6  011254)

—0.0737(9) 1.0758(7) 4.9(2)
—0.0764(7) 0.9400(7) 4.2(2)

C17 0.1733(3) 0.1372(6) 0.7327(6) 2.7(1)
C18 0.1375(3) 0.2369(6) 0.7014(7) 3.6(2)
C19  0.1688(4) 0.3202(7) 0.6590(8) 4.12)

C20 0.2244(4) 0.3434(7) 0.7540(8) 4.32)
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c21 0.2578(3) 0.2455(7) 0.7935(8) 4.2(2)
C22 0.2281(3) 0.1590(7) 0.8355(7) 342
C23 019433 —0.0790(6) 0.5572(6) 29(1)
C24  0.2021(4) —0.1670(7) 0.475%(7) 4.0(2)
C25  0.2810(3) 0.0143(9) 0.5719(8) 4.72)
C26  0.1945(4) 0.0710(8) 0.4294(8) 4.7(2)

C27 —0.0313(4) —0.1422(7) 0.6171(7) 3.6(2)

C28 —0.0489(3) —0.2214(9) 0.6918(7) 5.0(2)
C29 —0.0317(3) 0.1403(6) 0.6188(6) 2.8(1)
C30 —0.0495(4) 0.2218(8) 0.6851(7) 4.6(2)

“Numbers in parentheses are the estimated standard deviations
in the units of the least significant figure given for the correspo-
nding parameter. ’ Anistropically refined atoms are given in the
form of the isotropic equivalent displacement parameter defined
as : (4/3) [a%Bu+b*Brp+c?Pas+ab (cos r)pp+ac (cos P)Bu+be
(cos a)Bzsl.

Table 4. Selected Bond Distances (A) and Angles (deg) for 8

a. Bonds

Rh(1)-Rh(1) 2.453(1) Fe(1)-C(1)  2.049(7)
Rh(1)-P(1) 2.561(2) Fe(1)-C(2) 2.042(9)
Rh(1)-0(1) 2.027(7) Fe(1)-C(3) 2.05(1)
Rh(1)-0(1) 3.110(7) Fe(1)-C4)  2.028(9)
Rh(1)-0(2) 2.030(7) Fe(1)-C(5)  2.068(8)
Rh(1)-0(2) 3.089(7) Fe(1)-C(6) 2.04(1)
Rh(1)-0(3) 2.039(7) Fe()-C(7)  2.08(1)
Rh(1)-O(3) 3.121(7) Fe(1)-C(8)  2.056(9)
Rh(1)-0(4) 2.063(6) Fe(1)-C(9)  2.08(1)
Rh(1)-0(4) 3.113(7) Fe(1)-C(10)  2.03(1)

Mean
C-C(ring) 1.42-149%(2) 1.46
C-C(Cy) 1.48-1.59%(1) 154
N-C T 1.42-1.50Q1) 146
C(23)-C 1.48,1.55(1) 152

b. Angles

Rh(1)-Rh(1)-P(1) 173.81(4) P(1)-Rh(1}0(4) 99.4(2)
Rh(1)-Rh(1)-0(1) 844(2) P(1)-Rh(1)-0(4) 140.3(1)
Rh(1)-Rh(1)-P(Q1) 406(1) O(1)-Rh(1)-0(2) 92.7(3)
Rh(1)-Rh(1)-0(2) 86.6(2) O(1)-Rh(1)-0(2) 90.4(3)
Rh(1)-Rh(1)-0(2) 41.01) O(1)-Rh(1)-0(2) 128.(3)
Rh(1)-Rh(1)-0(3) 875(2) O(1)-Rh(1)-0(3) 174.6(3)
Rh(1)-Rh(1)-0(3) 40.7(1) O@1)-Rh(1)-0(3) 82.1(2)
Rh(1)-Rh(1)-O(4) 86.7(2) O(1)-Rh(1)-0(4) 89.9(3)
Rh(1)-Rh(1)-O(4) 414(1) O(1)-Rh(1)-0(4) 46.4(2)
P(1)-Rh(1)-0Q1) 93.9(2) O(1)-Rh(1)-0(2) 126.8(3)
P(1)-Rh(1)-0(1) 145.2(1) O(1)-Rh(1)-0(2) 55.3(2)
P(1)-Rh(1)-0(2) 87.4(2) 0O(1)-Rh(1)-0(3) 82.2(2)
P(1)-Rh(1)-0(2) 136.6(1) OQ1)-Rh(1)-0(3) 81.4(2)
P(1)-Rh(1)-0O(3) 914(2) O(1)-Rh(1)-0(4) 46.5(2)
P(1)-Rh(1)-0(3) 133.4(1) O(1)-Rh(1)-04) 55.3(2)
C-C-C(ring) 105.2-109-7(8) 1075
C(ring)-P-C(Cy) 98.8-100.3(3) 99.1
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to the presence of two different substituents on the same
ring.

Iron atom is sandwiched between two cyclopentadienyl ri-
ngs which are very close to planar, deviate slightly from
coplanarity, and are separated by an average of 3.29 A. The
Fe-C bonds (Table 4) fall into two distinct groups; those
involving unsubstituted ring atoms are in the range 2.028-
2.08 (5), mean 2.054 A, while for substituted ring atoms the
distances are 2.049-2.068 (8), mean 2.059 A. The slightly lo-
nger average distances to the substituted carbon atoms sug-
gest lower electron-density at these positions, particularly
at those with phosphine substituents. These bond length var-
iations probably cause the small deviations from ring plana-
rity, the unsubstituted C atoms being displaced slightly to-
ward the Fe atoms. The C-C bond lengths and C-C-C angles
in the cyclopentadienyl rings also show some variations. In-
dividual differences cannot be considered significant, but
mean C-C lengths are 1.44 A if the bond involves only unsu-
bstituted C atoms, and 145 A if a substituted atom is invol-
ved; corresponding mean C-C-C angles are 108.2° at unsub-
stituted and 106.8° at substituted C atoms. These variations
again suggest lower electron-density at substituted carbon
atoms. Bond lengths in the dimethylaminoethyl group are
normal, mean C-C 152, C-N 147 A.

Two Rh(II) centers are bridged by four AcO™ groups in
the familiar ' : 0! mode scross a Rh-Rh single bond distance,
2.453 (1) A and is slightly shorter than that 2475 (2) A found
in the previously reported dirhodium(Il) complex Rhy(OAc),
(bpy).22 Octahedral coordination at Rh (1) and Rh (1) is com-
pleted by axially coordinating CPFA and a bridging AcO™,
respectively. The phosphorus atoms occupy two axial site
with the expected same in Rh-P bond length (2.561 (2) A).
Much greater stmmetry is observed in the bridging AcO~
group at Rh(1) and Rh(1"), which is an example of a symmet-
rically-bridging carboxylate. The equatorial disposition of the
two oxygen atoms leads to similar Rh-O distances (2.027-
2.063 (7)), mean 2.045 A The Rh-Rh-P,,;y angle, 173.81 (4)°,
deviates slightly from linearity. This suggests that steric in-
teractions between the bridging carboxylates and the axial
ligands are responsible for these deviations.

Unlike the complex 8, complexes 9, and 10 are insoluble
in most organic solvents. Numerous attempts to obtain solu-
tion of complexes 9 and 10 in a form suitable for spectrosco-
pic characterization have all proven unsuccessful. Its identity
was thus deduced by other means : namely, elemental analy-
sis indicated retention of the 4 :1:2=AcO : ferrocenylphos-
phine : Rh ratio in 9 and 10. The methanol bands of starting
material Rhy(OAc);(MeOH), are not observed in IR spectra
of 9 and 10. Two v, (CO) bands (1615, 1594 cm™?) and v,
(CO) bands (1469, 1428 cm™!) are observed in their IR spec-
tra. The bands at 1615 and 1428 cm™! are assigned to the
briging AcO~ groups and those at 1594 and 1469 cm~! to
the chelating AcO™ group.
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Ab initio calculations with various basis sets have been carried out to investigate the geometries and ring inversion
barrier of R,TiCsHs and R.TiS;, R=Cp and Cl. Optimized geometries of R,TiC;Hs showed the four membered ring
was planar on C, symmetry. However, R,TiS; complexes were optimized to be stable in the puckered form. The
smallest Basis III with STO-3G on Cp ligands gave reasonable results for the calculations of metallocene. The energy
baniier for the ring inversion of metallacyclosulfanes, Cp,TiS; was computed to be 8.72 kcal/mol at MP2 level. For
the Cl system, we reproduced the molecular structure and ring inversion energy with Basis V.

Introduction

The electronic structures and bonding properties of transi-
tion metal complexes are not as well understood as organic
molecules are. The elementary reaction steps with transition
metal complexes have been studied by various theoretical
methods such as the semi-empirical and ab initio calcula-
tions. Quantitative ab initio calculations on transition metal
complexes are only recently becoming commonplace due to
the large number of electrons and poor basis sets. Several
approaches are available to investigate the large transition
metal complexes. For instance, effective core potentials
(ECP),! density functional theory (DFT),? and model systems®
with all electron calculations are useful methods. We have
started to investigate systematically the performance of mo-
del system calculations. Cp,TiCsHs (1), CL,TiCsHs (2), Cp.TiS;
(3), and CL;TiS; (4) complexes have been chosen to study
the substitution effect of cyclopentadienyl (Cp) ligand by Cl
ligand in theoretical viewpoint.

R H
\ - 'C\ R\ i 'S\ ~

T CH, T s
v 'd a d
2

1 R=Cp 3 R=Cp

2 R=CI 4 R=0

The Cp ligand is ubiquitous in transition metal complexes.
Titanium-cyclopentadienyl complexes shows the rich structu-
ral chemistry of Cp ligand* and are also important in a num-
ber of synthetic applications. It is known that the geometry
and properties of Cp ligand in Cp.TiCl; and its derivatives
are useful to cancer research.’ Dicyclopentadienyltitanacyclo-
butane (1) is considered to be one of the important interme-
diates in Ziegler-Natta catalytic systems. In 1978, Green and
Rooney® proposed a metathesis type mechanism in studies

Table 1. Ligand Basis Sets Used in This Study

No. of basis functions

szTiC:;He ClzTiCsHs
or CLTiS; or CLTiS;

I C (Cp); 3-21G, H (Cp); STO-3G 164
C, H (C;Hy), S; 4-31G

H  C (Cp); 3-21G, H (Cp); STO-3G 182
C, H (CHy), S; 4-31G*

Basis Sets

I C, H (Cp)y STO-3G 142

C, H (C:He), S; 4-31G*
IV C, H (CHe), Cl, S; 4-31G 90
V¢ C, H (GHe), Cl, S; 4-31G* 120

7Basis Sets for model systems of Cl;TiC;Hs and CL,TiS;

of the stereospecific Ziegler-Natta polymerization reaction of
olefins. Complex 3 (metallacyclosulfane) is isoelectronic with
complex 1. We recently’ examined the electronic structures
and four-membered ring inversion motion with the extended
Huckel and preliminary ab initio calculations. In this publica-
tion, molecule structures and inversion process of four-mem-
bered ring shall be examined for 1-4 complexes using all
electron ab initio molecular orbital theory with various basis
sets.

Computational Methods

The ab initio calculations were carried out with the GAUS-
SIAN 928 and GAMESS® on a Cray Y-MP C916 and an IBM,
respectively. The basis set for Ti metal atom was of the
form (4333/433/31) and has been described elsewhere.’” Ba-
sically, it is of double-§ quality for the metal d region. Table
1 shows the combinations of ligand basis sets used in this
study.



Dirhodium Acetate Complexes of Ferrocene-Containing Ligands

Table 1. NME ('H&®P) Data for 2-82°
Compound 'H sip

2 165 (s, CH, 2H), 2.27 (s, NMe,, 12H),
432-474 (m, A,B,, 8H, Cp)

3 135 (d, Me, 6H, /us=3), 198 (s, NMe,,
12H), 348 (g, CH, 2H, Jun=3),
4.04-4.25 (m, A:B:, 8H, Cp)

4 045 (d, Me, 6H, Juu=6.7), 1.55 (s,
NMe,, 12H), 3.62-4.23 (m, ABC, 6H, Cp),
7.07-7.60 (m, 20H, pH)

5 2.27 (s, NMe,, 6H), 347 (q, CH;,
Jun=13), 4.23 (S, 5H, Cp), 445457 (m,
3H, Cp), 10.09 (s, CHO, 1H)

6 136 (s, CH, 1H), 2.28 (s, NMe,, 6H),
2.31 (s, NMe,, 6H), 297 (bs, CH,, 2H),
413 (s, Cp, 5H), 4.06-4.70 (m, 3H, Cp)

7 151 (d, Me, 3H, Juu=3),

2.16 (s, NMe,, 6H), 2.23 (s, NMe;, 6H),
290 (q, CH,, Jun=13), 354 (g, CH, 1H,
Jun=7T), 4.04-411 (m, 3H, Cp), 4.06

(s, 5H, Cp)

8 118 (d, Me, 6H, Jus=7), 1.23-1.68
(m, Cy, 44H), 1.86 (s, AcO, 12H),

2.16 (s, NMe,, 12H), 3.44 (q, CH, 2H,
Jm=13), 4.20 (s, 10H, Cp),
4.25-4.38 (m, 6H, Cp)

—235 (s)

—134 (m)
—22.6 (m)

aAll Spectra were recorded in CDCl,. ®Coupling constants are
in Hz:s=singlet, bs=broad singlet, d=doublet, m=multiplet,
q=quartet. ‘The methine proton is obscured by the Cp ring
protons.

These signals arise due to the free rotation along the bond
connecting the nitrogen and asymmetric carbon. The methyl
groups on the chiral center exhibit doublets at 1.35 and 0.45
ppm for 3 and 4, respectively, as a result of coupling with
the geminal methine protons (Jun-3 Hz). The signal due to
the methine proton in the compound 4 is obscured by over-
lapping with one of the Cp ring protons at 3.77 ppm. The
3P NMR signal for the equivalent pair of the -PPh; moiety
in 4 appears at —17.61 ppm.”

Two other amine derivatives 6 and 7 exhibit a common
'H NMR pattern; that is, a pair of singlets due to the diaste-
reotopic pair of -NMe, groups. The methylene protons in
7 show almost an AX pattern making one of the protons
in the pair appear much further downfield (6=3.61 and 2.91
ppm) than usually found, while the same protons in 6 show
a broad singlet at 2.97 ppm Other 'H NMR features are
as expected from their structures.

Dirhodium(Il) Complexes of Ferrocenylphosphi-
nes. As mentioned in introduction one of our research ob-
jectives was to investigate the reaction and the coordination
chemistry of ferrocenylphosphines with dirhodium(I) tetra-
acetate.

Scheme 3 shows two different synthetic routes leading
to the formation of a series of dirhodium(Il) carboxylates
(8-10) incorporating the ferrocenylphosphosphines depending
upon the choice of the ligands. Namely, the chelating diphos-
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Figure 1. The X-ray Crystal Structure of 8.

phine ligands BPPF and 4 form the expected chelation pro-
ducts 9 and 10, respectively, whose reaction pattern has also
been observed with bipyridine.”® The route involves initially
the nucleophilic displacement of one methanol by the ligand
(step a) followed by successive removal of the second metha-
nol by one of the carboxylate oxygen. The vacant site left
on one rhodium center is now filled by the second phospho-
rus in the ligand BPPF or 4 (step b). Here it is interesting
to note that these symmetrical bidentate ligands do not favor
the bismonodentate fashion which has been observed with
compounds such as (m'n'-BPPF)[Fe(CO)%1,® and (nln-
BPPF)Moy(CO);0.>

In contrast, the chiral analogue (S,R)-CPFA serves as a
monodentate through phosphorus to each rhodium metal to
give (n'-(S,R)-CPFA-P),Rhy(OAc), (8) rather than the chelate
PN dirhodium complex of the type (n*-(S,R)-CPFA-P,N)Rh,
(OAc),, replacing one of the phosphoruses in 9 and 10 with
the NMe; group in the ligand CPFA. The differences in the
coordination mode between CPFA and BPPF and 4 seem
to lie in the fact that the soft rhodium (II) center still prefers
phosphorus which is a stronger nucleophile than nitrogen.
The formation of 8 involves two successive replacement of
methanol with two equivalents of the CPFA ligand as shown
in the scheme (step c).

The formation of 8 can be confirmed by its spectroscopic
data listed in Table 1. For instance, the 'H NMR shows
a single resonance at 1.86 ppm which is attributed to the
four equivalent AcO~ groups. The axially coordinated phos-
phines appear in the 3P NMR as two complex multiplets
at —13 and —23 ppm rather than the AA'XX' pattern expec-
ted for the solid-state structure. The complex P NMR pat-
tern of this sort has also been reported by others for the
related dirhodium-phosphine drivatives.® The carboxylate
groups give rise to two strong v (CO) bands at 1598 cm™!
(v and 1426 em™! (vy).

In order to garner more structural information about 8§,
x-ray crystallographic studies have been carried out, and the
ORTEP plot of the complex is presented in Figure 1.

Crystallographic data, selected bond distances and angles,
and other positional and thermal parameters are listed in
Tables 2-4.

The molecule of (S,R-CPFA) is chiral, and the analysis
has shown an S configuration for the amine-substituted C(23)
atom, and the second R refers to the planar chirality due



