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Having isolated and characterized a series of sodium cyclopentadienide salts, we have synthesized a number of
1,1'-bis-amino-functionalized ferrocenes, 1,1'-bis-amino-functionalized ferrocene salts, and 1,1'-bis-amino-functionalized
ferrocenium salts. Among these are the first crystallographically characterized examples of cyclopentadienyl units
containing (piperidin-N-ylethyl)- and (pyrid-2-ylmethyl)cyclopentadienyl side chains. In the cases of some of the
ferrocenes, ferrocene salts, and ferrocenium salts, there are some interesting structural features in the solid state.
These include C—H-++N and C—H---s cloud interactions as well as N-H---O and N—H--+F hydrogen bonds.

Introduction application in the biological arena is the observation that

Recently there has been much interest and research activit amino-functionalized derivatives of ferrocenyl-substituted
. y . . yquinoline compounds have been shown to have significantly
into the potent antitumor behavior of metallocenes such as

. . . . . X higher antimalarial ivity than chlor inin h in viv
titanocene dichloride, vanadocene dichloride, niobocene gher antimalarial activity than chloroguinine, bot 0

dichloride. and molvbdocene dichloriddndeed we have and in vitro!® Functionalized ferrocenes have also been
. o Yo - . reported to act as anion receptors as evidenced using

published facile and high-yielding methods of synthesizing NMR studiesit
functionalized water-soluble and stable titanocenes, which _ ' . .
are currently being evaluated as antitumor reag&hwe Multidentate functionalized ferrocenes can also be pre-
have also published other water-soluble organometallic pared where there are more th:_an two donor heteroa’c?)m_s.
systems- There has also been antitumor activity reported These, like many bisfunctionalized ferrocenes, start with
for a number of ferrocenium compouridss well as DNA ferrocene as the starting material, and quite often there are
binding studies of such compounds being carried out many steps to arrive at the end product. F‘.Jr exgmple, until
recently® Other studies on functionalized ferrocenes and reqently, the most. sucpessful way.of preparing p|s(d|methyl-
ferrocenium salts suggest that the cytotoxic behavior of amino)ferrocene is using a Mannich-type reaction, yielding

. 0 Z
ferrocenium salts is based on their ability to generate oxygenthe product in 17%. Progress has been made for one specific

active species, which can damage DRIAnother area of case of the improved preparation of is[(N,N-dimethyl-
’ amino)methyl]ferrocene by treatment of ‘idilithiofer-

rocene-TMEDA with Eschenmoser’s sall,N-dimethylene-
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In this paper we report general and high-yielding routes cannula. The reaction mixture was stirred overnight. The solvent
to the preparation of amino-functionalized ferrocenes and was removed in vacuo. The product was extracted with toluene (2
their corresponding ferrocene and ferrocenium salts. We havex 30 mL). The extracts were combined, and removal of the solvent
been able to achieve this with different lengths of spacer &fforded the product as a viscous orange oil (1.0 g, 0.003 mol,
with varying flexibility between the cyclopentadienyl ring 66%)- FAB MS: m/z 328, Fe[Cp(CH)sNMe].. 'H NMR (CDs,
and the amino functionality. Thus, a series of new com- 220-1 MHz, 300 K): 0 3.97 [br s, 8H, GH.CHCH,CHNMe],

pounds are presented, many of which have interesting 2.50-2.30 [m, 8H G1,CH,CHNMe], 2.23 [s, 12H, CHCH,-
! . N . CH,NMey], 1.66 [m, 4H, CHCH,CH,NMey]. 13C{H} NMR (C¢Ds,
mtermolecular mter.actlons.' Part of .'[hIS work has peen 62.9 MHz, 300 K): 6 88.8 [s,C(CH,)sNMe;], 68.6, 67.8 [2x s,
previously communicatetithis paper gives a more detailed -~ o CeH(CHp)sNMes], 59.6 [s, CHCH,CH,NMe,], 45.4 [s, CH-

account including experimental details, characterization data,cH,cH,NMe,], 29.2, 27.2 [2x s, CH,CH,CH.NMe].
electrochemical data, and seven new crystal structures. Of Fe{-CsH.CH(CH5):NMe}» (3). To a Schlenk tube charged

particular significance are the first crystallographically i FeCh (1.0 g, 0.008 mol) and THF (50 mL) was added a
characterized organometallic compounds with the ligand syspension of Nagl,CH(CH,),NMe (2.9 g, 0.016 mol) in THF
system of (piperidirN-ylethyl)- and (pyrid-2-ylmethyl)- (30 mL) via cannula. The reaction mixture was stirred overnight.
cyclopentadienyl side chains. Also of note is the synthesis The solution was removed by filtration and the solid washed with
of a series of novel amino-functionalized ferrocenium toluene (2 x 50 mL). The volatiles were removed from the
compounds. An excellent review of functionalized cyclo- combined filtrate and washings in vacuo. The product was

pentadienyl compounds has been written by Jtzi. recrystallized from petroleum ether (bp-460 °C) to afford the
product as a bright yellow, orange solid (1.9 g, 0.005 mol, 63%.)
Experimental Section Anal. Calcd for FeGyHzN»: C, 69.5; H, 7.4; N, 8.5. Found: C,

. . 69.2; H, 7.3; N, 8.21H NMR (CgDs, 250.1 MHz, 300 K): 6 3.97

General Procedures Standard inert atmosphere techniques were [s, 8H, GH.CH(CH,CH,):NMe], 2.80 [m, 4H, CH(CHCHy a)-
used throughout. Acetonitrile and dichloromethane were distilled NMe] 219 [s, 6H CH(C|2CH2)2’NMG] 219 It of t 2H GH(CHo-
from Cakp. Petrol (46-60 °C), diethyl ether, toluene, and THF o)y Nvie], 1.97-1.15 [m, 12H, CH(®1,CHzeqNMe]. 13C{H}

were distilled from Na/PYCO. NMR solvents were degassed by NMR (CeDs, 62.9 MHz, 300 K): 6 94.9 [s,CCH(CH,CH,),NMe]
three freeze pump—thaw cycles and stored ov8 A molecular 68.3. 670 i2x s CH ;)fC5H4C'H(C|;|2CI—iz)2NMe] 56.9 [s CH-

sieves in a drybox. All reagents were purchased in reagent grade(CHZCHz)zNMe] 47.0 [s, CH(CHCH,);NMé], 35.9 [s, CH of
and used without further purification. CH(CH,CH,),NMe], 33.6 [s, CH of (CH,CHs),NMe].

Instrumentation. *H and 13C NMR spectra were recorded on .
Bruker 250, 300, and 500 MHz spectrometers. IR spectra were Fe'z:i{27()-25H4(()C0|-(|)2432:1£)(|:)Ha2r)15§%|'(:35 I;Oan?f)hle;;(:é%igh;;gid Zvr:?on
recorded on a Perkin-Elmer 1600 spectrometer. High-resolution N QH %H. N(CH.)- (157 a. 0.008 V;/ in THF (30 uLp nst
mass spectrometry was performed by the University of Leeds mass® & «(CH)oN(CHy)s (1.57 g, 0.008 mol) in THF (30 mL) via

cannula. The reaction mixture was stirred overnight. The solution

spectral service. Elemental analyses were performed by the d ted. and th vent di Th duct
University of Leeds microanalytical services. Cyclic voltammetry was decanted, and the solvent was remove N N vacuo. The produc
awas washed with petroleum ether (bp—48D °C) and extracted

was performed at room temperature in an appropriate solvent (see™ h 1ol ). Tol dqi .
Table 10), using an Autolab PGSTAT 30 potentiostat driven by with toluene (30 mL). Toluene was removed in vacuo to give an

GPES 4.5 (Eco Chemie). A standard three-electrode system Wasorange-yellow solid. Recrystallization from diethyl ether afforded

used, a working electrode (0.5 mm diameter planar Pt disc), a 2 Yellow crystalline needles (1.4 g, 0.003 mol, 85%). FAB M¥/z
mm Pt rod counter electrode, and a Ag/AgCI/0.05 M'BN,ICI, 409, F¢ C5H4(CH2)2N(CH2)5}2' *H NMR (CeDs, 250.1 MHz, 300
0.45 M [N'BuJ[BFJ] in CH,Cl, reference electrode. A 0.10 v K): 0 4.02, 3.98 [2x virt t, 8H, CHa(CH2)2N(CHy)s], 2.55 [m,
scanning rate was used. Potentials were quoted against internaftt, CHECHN(CHy)5], 2.38 [m, 8H, (CH)-N(CH)2(CH,)(CH,)],
standard, ferrocenium/ferrocene couple. Throughout the measure-1-55 [M, 8H, (CH)2N(CH2)2(CH2)o(CH)], 1.37 [m, 4H, (CH)2N-
ments, IR compensation was applied using positive feedback. (CH2)5(CHo)5(CH)]. **C{*H} NMR (C¢Ds, 62.9 MHz, 300 K):
Fe{-CsH4(CH2)2NMe}» (1). To a Schlenk tube charged with ~ 87-9 [S, C(CH22N(CHy)s], 69.5, 68.5 [2x s, CH of CsHaCHy-
FeC} (0.40 g, 0.003 mol) and THF (50 mL) was added a suspension CHN(CHy)s], 61.5 [s, CHCH2N(CHy)e], 55.3 [s, (CH)N(CH2),-
of NaGH4(CH,),NMe; (1.0 g, 0.006 mol) in THF (30 mL) via  (CH22ACH)], 28.1 [s,CH.CHN(CHy)s], 26.9 [s, (CH)N(CH)2-
cannula. The reaction mixture was stirred overnight. The solvent (CH2)2(CH2)), 25.3 [s, (CH)N(CHz)2(CHz)2(CHy)]-
was removed in vacuo. The product was washed with toluene (2  Fe{-CsH4CH2(CsHaN)} 2 (5). To a Schlenk tube charged with
x 30 mL). The extracts were combined, and removal of the solvent FeC} (0.35 g, 0.003 mol) and THF (50 mL) was added a suspension
afforded the product as a viscous orange oil (0.8 g, 0.002 mol, of NaGH4CH(CsHsN) (1.0 g, 0.006 mol) in THF (30 mL) via
79%). Anal. Calcd for FeGHogN,: C, 65.8; H, 8.4; N, 8.5. cannula. The reaction mixture was stirred overnight. The solution
Found: C, 65.5; H, 8.5; N, 8.3H NMR (C¢Ds, 250.1 MHz, 300 was decanted, and the solvent was removed in vacuo. The product
K): 6 3.91 [br s, 8H, GH4CH,CH,NMe;], 2.37 [m, 8H, CHCH,- was washed with petroleum ether (bp—4@D °C) and extracted
NMe,], 2.18 [s, 12H, CHCH,NMe,]. 13C{H} NMR (C¢Ds, 62.9 with toluene (30 mL). Toluene was removed in vacuo to give a
MHz, 300 K): 6 86.7 [s,C(CH,).NMe;], 68.7, 67.9 [2x s, CH of red-orange oil. Recrystallization from petroleum ether (bp-@0
CsH4(CH,)o,NMe;), 61.1 [s,CHoNMey)], 45.5 [s, GH4(CH,).NMey], °C) afforded yellow crystalline needles (0.6 g, 0.0017 mol, 48%).
27.8 [s,CH,CH:NMey] H NMR (CgDs, 250.1 MHz, 300 K): 6 8.43 [d, H, GHs
Fe{n-CsH4(CH2)sNMey}» (2). To a Schlenk tube charged with  CHCsHuN], 7.48 [t, H, GH4CH,CsHuN], 7.26 [d, H, GHs-
FeC} (0.55 g, 0.004 mol) and THF (50 mL) was added a suspension CH,CsH4N], 7.04 [d of t, H, GH4CH,CsH4N], 4.03, 4.00 [2x s,
of NaGH4(CH,):NMe; (1.5 g, 0.009 mol) in THF (50 mL) via  4H, GH4CH,CsH4N], 3.78 [s, 2H, GH4CH,CsH4N]. 13C{*H} NMR
(CeDe, 62.9 MHz, 300 K): 6 161.6 [s, GH4CH,CC4H,N], 149.4,
(14) Jutzi, P.; Redeker, Eur. J. Inorg. Chem1998 663-674. 136.8, 122.8,121.5 [& s, CH of GH4,CH,CsH4N], 86.6 [s,CCH,-
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CC4H4N], 69.8, 69.0 [2X s, CH 0szH4CH2C5H4N], 39.0 [S, CH
of C5H4CH2C5H4N]
[Fe{-CsHa(CH2):NMeg} J2+2[1 ] (6). 1 (0.5 g, 0.0017 mol)

COCD;, 300 MHz, 300 K): 6 92.5 [s, CCH(CH,CH,),.NHMe],
67.8, 66.4 [2x s, CH 0f CsH,CH(CH,.CH,),NHMe], 54.9 [s, CH-
(CH,CH,),NHMe], 43.6 [s, CH(CHCH,),NHM€], 32.7 [s, CH of

was reacted with 2 equiv of methyl iodide (0.211 mL, 0.0034 mol) CH(CH.CH;):NHMe], 30.8 [s, CH of (CH.CH,).NHMe].

in diethyl ether, resulting in the formation of a yellow precipitate.

The solid was washed with diethyl ether 315 mL) and any

[Fe{n-CsHa(CH32)2NCH3(CH3)s} 2]2"+2[1 7] (10). 4 (0.2 g, 0.0005
mol) was reacted with 2 equiv of methyl iodide (0.06 mL, 0.001

residual solvent removed under reduced pressure. The product wasnol) in diethyl ether, resulting in the formation of a yellow
isolated as a light yellow powder (0.63 g, 65%). Anal. Calcd for precipitate. The solid was washed with diethyl ethex(35 mL)

FeGgHagNol2: C, 39.2; H, 5.6; N, 4.6. Found: C, 38.7; H, 5.9; N,

4.3.'H NMR (CD30D, 500.1 MHz, 300 K): 6 4.33, 4.23 [2x
virt t, 8H, GsH,CH,CH,NMej], 3.55 [m, 4H, CHCH,;NMeg], 3.25
[s, 9H, CHCH,NMey], 2.99 [m, 4H, G4,CH,NMeg]. 1*C{H} NMR
(CD:OD, 150 MHz, 300 K): 6 90.9 [s,C(CH;);NMe3], 70.9, 70.5
[2 x s, CH of CsHa(CH,):NMey], 68.6 [s, CH:NMe3)], 54.3 [s,
C5H4(CH2)2NM€3], 25.0 [S,CHQCHzNMEg]
[Fe{7-CsH.CH(CH2).NMe3}J122[1 ] (7). 3 (0.3 g, 0.0008 mol)

was reacted with 2 equiv of methyl iodide (0.100 mL, 0.0016 mol)
in diethyl ether, resulting in the formation of a yellow precipitate.

The solid was washed with diethyl ether (315 mL) and any

and any residual solvent removed under reduced pressure. The
product was isolated as a light yellow powder (0.29 g, 88%). Anal.
Calcd for FeGgHaoNol>, C 45.1; H 6.1; N 4.0. Found: C, 46.0; H,
6.3; N, 3.9.1H NMR (CDsOD, 500.1 MHz, 300 K): 4.34, 4.23 [2

x virtt, 8H, CsHy(CH;),NMe(CH,)s], 3.44—3.36 [m, 8H, CHCH,-
NMe(CHz)2(CHz)2(CHy)], 3.10 [m, 6H, (CH).NMe(CH;)z(CHy)--
(CH)1, 2.90 [m, 4H, GH,CH,NMe(CH,)s], 1.86 [m, 8H, (CH).-
NMe(CHy)2(CH,)2(CHy)], 1.66 [m, 4H, (CH).2NMe(CH,)2(CHy)-
(CHy)]. BC{H} NMR (CDzOD, 150 MHz, 300 K): 6 83.5 [s,
C(CHy):NMe(CHy)s], 69.6, 69.1 [2x s, CH 0f CsH,CH,CH,NMe-
(CHy)g], 65.1, 61.4 [2x s, CH,CH,NMe(CH,)s and (CH),NMe-

residual solvent removed under reduced pressure. The product wagCH2)2(CH)2(CHy)], 47.1 [s, CHCH.NMe(CHy)s], 22.5 [s,CHy-
isolated as a light yellow powder (0.41 g, 83%). Anal. Calcd for CH:NMe(CH,)s], 21.0 [s, (CH).NMe(CH,)2(CHz)2(CHy)], 20.1 [s,

FeGsHagNolo: C, 43.4; H, 5.8; N, 3.9. Found: C, 43.4; H, 5.8; N,

4.2.'H NMR (CDs0OD, 500.1 MHz, 300 K):6 4.11, 4.06 [2x t,
8H, GH4CH(CH,CHy):NMe;], 3.50-3.42 [m, 4H, CH(CHCH.)-
NMez], 3.13, 3.04 [2x s, 6H, CH(CHCH,);NMe;] , 2.68 [tt,
3)(*Ha—Hay) = 12.0 Hz,3)(*Ha—Heg) = 4.1 Hz, 2H, GH(CH,-
CH,)NMey], 2.03, 1.96-1.85 [2 x m, 8H, CH(TH,CH,),NMe,].
13C{1H} NMR (CD50D, 150 MHz, 300 K): ¢ 93.2 [s,CCH(CHy-
CH,):NMe;], 69.7, 68.3 [2x s, CH 0f CsHsCH(CH,CH;):NMey)],
64.2 [s, CH(CHCH.),NMe,], 57.2, 48.5 [s, CH(CBCH,),NMe;),
34.6 [s, CH of CH(CH,CH,),NMe,], 29.5 [s, CH of (CH,CH,),-
NMez].

[Fe{-CsH.CH(CH2).NHMe} ;]2"2[CFsCO0] (8). 3 (0.158

g, 0.0008 mol) was reacted with an excess of trifluoroacetic acid
in diethyl ether, resulting in the formation of an orange precipitate.

The solid was washed with diethyl ether {315 mL) to remove

any residual trifluoroacetic acid. The product was isolated as a light
yellow powder and recrystallized as an orange solid from dichlo-

romethane (0.15 g, 60%). Anal. Calcd for ez NoFsO4: C, 51.3;
H, 5.6; N, 4.6. Found: C, 51.4; H, 5.4; N, 464 NMR (CDCls,
500.1 MHz, 300 K): 6 4.05, 3.98 [2x s, 8H, GH,CH(CH,CH,),-
NHMe], 3.58 [br s, 3H, CH(CHCH,),NHMe], 2.74 [br s, 8H, CH-
(CH,CH,),NHMge], 2.26 [br s, 2H, EI(CH,CH,).NHMe], 2.02, [br
s, 8H, CH(GH,CH,),NHMe]. 33C{*H} NMR (CDCls, 150 MHz,
300 K): ¢ 163.0 [q, CF,COO], 114.7 [s, CRCOO], 91.8 [s,
CCH(CH:,CH,),NHMe], 68.1, 66.3 [2x s, CH of CsH4,CH(CH,-
CH,),NHMe], 54.5 [s, CH(CHCH,),NHMe], 43.7 [s, CH(CH-
CH,),NHMg], 31.9 [s, CH ofCH(CH,CH,),NHMEe], 29.6 [s, CH
of (CHzCHz)zNHMe]

[Fe{n-CsH4CH(CH 2),NHMe},]2"-2[BF47] (9). 3 (0.37 g, 0.001
mol) was reacted with an excess of HBBEt (54% in diethyl ether)

in diethyl ether (100 mL). A yellow precipitate was immediately
formed. The mixture was allowed to stir (10 min) and stand (10
min). The product was removed by filtration and washed with
diethyl ether (3x 15 mL) to give a yellow powder (0.32 g, 0.0006

mol, 63.9%). Anal. Calcd for FegH34N.B,Fg: C, 47.5; H, 6.2;
N, 5.0. Found: C, 48.2; H, 6.3; N, 4.6H NMR (CD3;COCDs,
300 MHz, 300 K): 6 4.06, 4.02 [2x virt t, 8H, CH,CH(CH,-
CH,),NHMe], 3.49 [br m, 4H, eq CH(CKCH,),NHMe], 2.99 [td,
4H, ax CH(CHCH;),NHMEe], 2.80 [s, 6H, CH(CHCH,),NHMg€],
2.51 [tt, 3J(*Hax—Hay) = 12.0 Hz,3J(*Hax—1He = 3.9 Hz, 2H,
CH(CH,CH,),NHMEe], 2.09, [br m, 4H, eq CH(H,CH,).NHMge],
1.87 [br m, 4H, ax CH(E&,CH,),NHMe]. 13C{*H} NMR (CDs-

(CHz)2NMe(CHy)2(CH2)2(CHy)].
[Fe{n-CsH4(CH2):NH(CH)s}2]*"+2[CF:CO, ] (11). 4 (1.02 g,
0.0025 mol) was reacted with an excess of trifluoroacetic acid in
diethyl ether (100 mL). A yellow precipitate was formed after
stirring (5 min). The solid was washed with diethyl ether(3.5
mL). The product was isolated as a yellow powder (1.1 g, 0.0018
mol, 71%). Crystals of the product were obtained from a toltene
diethyl ether mixture. Anal. Calcd for Fgg3gN,O4Fs: C, 52.8;
H, 6.0; N, 4.4. Found: C, 52.6; H, 6.1; N, 434 NMR (CDCls,
300 MHz, 300 K): 6 4.00, 3.96 [2x br s, 8H, GH4(CH,).N-
(CHy)s], 3.6 [d, 4H, ax or eq (Ch)oN(CH,)2(CH,)2(CH,)], 2.56
[br s, 4H, ax or eq (Ch):N(CH2)2(CHo)2(CHy)], 2.96 [br s, 4H,
C5H4CH2CH2N(CH2)5], 2.76 [br S, 4H, (GH4CHQCH2N(CH2)5],
1.94 [br m, 2H, ax or eq N(Chh(CH,)2(CHy)], 1.35 [br m, 2H, ax
or eq N(Ch)2(CHz)2(CHy)], 1.90 [br m, 4H, N(CH)z(CH)2(CH)].
13C{*H} NMR (CDClz, 300 MHz, 300 K): 6 83.3 [s,C(CHy),N-
(CHy)g], 69.1, 68.5 [2x s, CH 0of CsH4CH,CH.N(CH,)s], 58.1 [s,
CHCHaN(CHy)s], 53.4 [s, (CH)2N(CH2)2(CH)2(CHp)], 24.0 [s,
CHchzN(CHz)s], 22.9 [S, (Cl_i)zN(CHZ)Z(CHZ)Z(CHZ)], 22.1 [S,
(CHy)2N(CH,)2(CHy)2(CHy)].
[Fe{n-CsHa(CH2)2NH(CH )s}2]**+2[BF47] (12). 4 (1 g, 0.0025
mol) was reacted with an excess of HBBEt (54% in diethyl ether)
in diethyl ether (100 mL). A yellow precipitate was immediately
formed. The mixture was allowed to stir (10 min) and stand (10
min). The product was removed by filtration and washed with
diethyl ether (3x 15 mL) to give a yellow powder (0.81 g, 0.0014
mol, 56%). Crystals of the product were obtained via vapor diffusion
from acetone and diethyl ether. Anal. Calcd for FgGsN,B,Fg:
C, 49.4; H, 6.6; N, 4.9. Found: C, 51.1; H, 7.1; N, 5. NMR
(CD3COCDs, 300 MHz, 300 K): ¢ 4.15, 4.09 [2x s, 8H, (GH4-
(CHy)2N], 3.29 [s, 12H, CHCH,N(CH,)2(CHy)2(CHy)], 2.82 [s, 4H,
(CsH4CH2CH2N(CHy)s], 1.84 [s, 8H, N(CH)o(CH2)(CHy)], 1.53
[s, 4H, N(CH)»(CHy)(CH,). 13C{1H} NMR (CDsCOCD;, 300
MHz, 300 K): 6 84.6 [s,C(CH,),N(CH,)s], 69.1, 68.8 [2x s, CH
of C5H4CH2CH2N(CH2)5], 58.2 [S, C"iCHzN(CHz)s], 53.5 [S,
(CH2)2N(CH2)2(CHR)2(CHy)], 24.3 [s, CHoCHN(CH)s], 23.7 [s,
(CH2)aN(CH)2(CH2)2(CHy)], 22.2 [s, (CH)2N(CH2)2(CHZ)2(CH2)J.
[Fe{ﬂ-C5H4CH(CH 2)4NHM€}2]3+°3[BF47] (13) To a Schlenk
tube charged witp-benzoquinone (0.016 g, 0.00015 mol), HBF
OEt (54% in diethyl ether, 0.081 mL, 0.00059 mol), and diethyl
ether (50 mL) was added (0.18 g, 0.0003 mol) in diethyl ether
(50 mL) via cannula. A blue solid was immediately precipitated.
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The mixture was allowed to stir (10 min) and stand (10 min). The
blue solid was removed by filtration and washed with diethyl ether
(30 mL).

Recrystallization via vapor diffusion from deoxygenated acetone
and diethyl ether afforded blue crystals (0.14 g, 0.0002 mol, 72%).
Found: C, 41.7; H, 5.4; N, 4.6. Anal. Calcd for Fgl834N,B3sF;2:
C,41.1;H,5.3; N, 4.4.

[Fe{n-CsH4CH(CH 2)sNMey},]33[BF,7] (14). To a Schlenk
tube charged witlp-benzoquinone (0.0073 g, 0.00007 mol), HBF
OEt (54% in diethyl ether, 0.037 mL, 0.0003 mol), and diethyl
ether (50 mL) was added (0.09 g, 0.0001 mol) in diethyl ether
(50 mL) via cannula. A blue solid was immediately precipitated.
The mixture was allowed to stir (20 min) and stand (10 min). The
blue solid was removed by filtration and washed with diethyl ether
(30 mL) (0.05 g, 0.00008 mol, 78%). The crude product was
purified by dissolution in acetone (100 mL), filtration, and
precipitation by addition of diethyl ether (150 mL) to give a blue
powder (0.027 g, 0.00004 mol, 39%). Anal. Calcd for E£C
HsgN2BsF12: C, 43.0; H, 5.7; N, 4.2. Found: C, 43.1; H, 5.9; N,
4.1.

[Fe{ ﬂ-C5H4(CH2)2NH(CH 2)s} 2]3+°3[BF47] (15). Method 1 To
a Schlenk tube charged wighbenzoquinone (0.04 g, 0.00032 mol),
HBF4-OEt (54% in diethyl ether, 1 mL, 0.0072 mol), and diethyl
ether (50 mL) was addetil (0.1 g, 0.00016 mol) in diethyl ether
(50 mL) via cannula. A blue solid was immediately precipitated.
The mixture was allowed to stir (20 min) and stand (10 min). The
blue solid was removed by filtration and washed with diethyl ether
(30 mL).

The crude product was purified by dissolution in acetone (100
mL), filtration, and precipitation by addition of diethyl ether (150
mL) to give a blue powder (0.06 g, 0.000083 mol, 52%). Blue
crystals suitable for X-ray analysis were obtained via vapor diffusion
from acetone and diethyl ether.

Method 2. To a Schlenk tube charged wititbenzoquinone
(0.135 g, 0.00125 mol), HBFOEL (54% in diethyl ether, 1 mL,
0.0072 mol), and diethyl ether (50 mL) was addéd0.71 g,
0.00175 mol) in diethyl ether (50 mL) via cannula. A blue solid
was immediately precipitated. The mixture was allowed to stir (20
min) and stand (10 min). The blue solid was removed by filtration
and washed with diethyl ether (30 mL).

The crude product was purified by dissolution in acetone (100
mL), filtration, and precipitation by addition of diethyl ether (150
mL) to give a blue powder (0.93 g, 0.0015 mol, 83%). Blue crystals
suitable for X-ray analysis were obtained via vapor diffusion from
acetone and diethyl ether. Anal. Calcd for Rg€N.BsF1.: C,
42.8; H, 5.7; N, 4.2. Found: C, 42.5; H, 6.1 N, 4.2.

Crystallographic Data Collection and Structure Analysis.
X-ray Crystallography . Data for compound§, 5, 8, 11—13, and
15 were collected on a Nonius Kappa CCD area detector diffrac-
tometer using graphite-monochromated Mat Kadiation ¢ =
0.71073 A) using 1.® rotation frame. Pertinent crystallographic

Bradley et al.

Scheme 12
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LN NG CHNR,

@ o +FeCl, i |

N
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Na / AN Fe N\ /

Na*

+ FeCl, i Fe

aReagent: (i) THF.

CsH4(CHy)sNMeg} 2 (2), Fe -CsH4CH(CH,)4NMEe} 2 (3), Fe-
{ﬂ-C5H4(CH2)2N(CH2)5}2 (4), and FQ??-C5H4CH2(C5H4N)}2
(5) are readily prepared by addition of 2 equiv of the
corresponding sodium cyclopentadienide salts as a THF
slurry to anhydrous Fegin THF (Scheme 1). Stirring the
brown mixture overnight resulted in a change of color to
orange with concomitant formation of a beige precipitate
(NacCl). After removal of the solvent under reduced pressure,
the product was extracted into toluene and dried in vacuo.
Compoundsl—5 were characterized by microanalysis,
NMR spectroscopy, mass spectrometry, and, in the case of
3—5, X-ray crystallography. Repeated attempts at acquiring
microanalytical data fod and5 proved to be unsuccessful.
Some characterization data > have been previously
reported, but we have found that simple isolation lpf

without high-vacuum techniques, yields analytically pure

material. Changing the alkyl group between the cyclopen-
tadienyl and the nitrogen atom has a dramatic effect on the
physical properties of the compounds. For example, com-
poundsl and?2 are oils,3 is an oily crystalline solid, and
and5 are crystalline solids. Therefore, by making the pendant
arm more rigid, the crystalline nature of the resultant
compound increases.

The 'H and 3C NMR spectra forl—5 are as expected,

with the shifts for the Chigroups next to the nitrogen atoms

occurring at a highed (ppm) than those for the other GH
groups.*H NMR spectroscopy shows chemical shifts for the
protons attached to the cyclopentadienyl moieties occurring
ato 3.92-4.02 ppm for compounds—5. The chemical shifts

for the methyl groups attached to the nitrogen atoms for

compoundsl—3 are quite distinctive, occurring at2.18—

2.29 and 45.447.0 ppm for the'H and*3C NMR spectra,
respectively. Of particular interest is the NMR &fwhich
shows signals attributable to axial and equatorial protons of

details are given in Table 1. The structures of all seven compoundsthe piperidyl ring.*H—H andH{3C} NMR spectroscopy

were solved by direct methods using SHELXS 86. Refinement, by

full-matrix least-squares methods & using SHELXL 97, was
similar for all seven compounds. Non-hydrogen atoms were
constrained to idealized positions using a riding model (with free
rotation for methyl groups).

Results and Discussion

Ferrocene CompoundsThe synthetic methodology used

to prepare the amino-functionalized ferrocene compounds(15) Rees, W. S.. Jr.

is quite general. He-CsHi(CH2):NMez}, (1),
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Fe{n-

correlation experiments proved particularly useful in deter-
mining that the axial protons are furthest downfield in the
IH NMR spectrum. Thus, foi3, there is quite a large
difference in chemical shift of the axiad, 2.90 ppm, and
equatorial, 1.971.15 ppm, protons which are attached to
the carbon atoms next to the nitrogen. The differences in
the chemical shifts associated with the axial and equatorial

Lay, U. W.; Dippel, K. A. Organomet. Chem.
1994 483 27-31.
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Scheme 22 Scheme 32
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| | : : i
e groups of 1,%bis(N,N-dimethylamino)ferrocene have been
@4\AN% L Nw- reported. Our reactions differ in that we obtain exclusively
aReagents: (i) Mel, (i) Mel, CKCOOH, or HBR, (i) Mel, CFsCOOH, the dimethyl products when 1 or 2 equiv of methyl iodide is
or HBF. added to the ferrocenes.
o ) i Protonation of3 and4 was achieved by addition of GF
protons are the re;ult of the trans ijaXIa| relationship betweenCOOH to an ether solution & and4 to yield light orange
the C-H and the nitrogen lone pair. TREl NMR resonance powders of [Féy-CsHsCH(CHy)sNHMe} 5]2+2[CF:CO, ]
for the CH, group for compound occurs atdé 3.78 ppm, (8) and [Fé 1-CsHa(CH,).NH(CH,)s} 5]2+2[CFCO, ] (11),
which is at least 1 ppm greater than the shifts for the; CH 5 shown in Scheme 2. Addition of HB#® 3 and4 afforded
groups next to the nitrogen atoms; this could be due to the the analogous ionic compoun@sand 12 with BF, as the
extra electron-withdrawing power of the pyridyl ring. The counterion (Scheme 2). Recrystallizationséand 11 from
corresponding®*C NMR occurs ab 39.0 ppm, whichis also  CH,CI, yielded X-ray-quality orange crystals, whereba
greater than expected for a @broup next to the cyclopen-  was recrystallized from acetone/ether; further characterization
tadienyl ring. was achieved by microanalysis and NMR spectroscopy.
Ferrocene Salt CompoundsMethylation of the pendant ~ Thus,8, 9, 11, and12 proved to be much more soluble than

amino functionality ofl, 3, and4 has been achieved by the the methylated ferrocend 7, and 10, which only proved
addition of ether solutions of methyl iodide to yield the t© be soluble in protic solvents such as methanol, ethanol,

ferrocene salt§, 7, and10in high yield, ~80%, as shown ~ &nd water.. o
in Scheme 2. Characterization of these compounds was Ferrocenium Salt Compounds Oxidation of the fer-

achieved by microanalysis and NMR spectroscopy. rocene §alts7, 8, gnd 11 results in thg formation of thg
ferrocenium specie43—15, as shown in Scheme 3. This

*H NMR spectroscop_y_ for compound in d,-methanol was achieved by the addition ofabenzoquinone and an
shows the expected additional resonance for the methyl groupaiher solution of HBE following the method of Connelly
at 3.10 ppm (compared ), and for compoundOthere gt 427 An interesting point to note is that during the oxidation
are two signals for the methyl groups at 3.13 and 3.04 ppm; prgcess the trifluoroacetate anions are replaced by tetrafluo-
the corresponding shift for the three methyl groups for yoporate anions: oxidation of one of the neutral ferrocenes,
compounds occurs at 3.25 ppm. Although the NMR spectra 4, also produce45. A blue solid was obtained in each case,
are carried out in different solvents, the shifts are ap- and characterization of these paramagnetic compounds was
proximately 1 ppm further downfield than those of the achieved using microanalysis and X-ray crystallography in
corresponding neutral ferrocengs3, and4. This trend is the case ofL3 and 15.
expected when an amino group is quaternerized and is also Crystallography. The pertinent crystallographic details
evident for the methyl signals in tHéC spectra, where there  for 4, 5, 8, 11-13, and15 are given in Table 1.
is approximately a shift of 910 ppm for compound§ and Ferrocene Compounds The crystal structure o8 was
7. A similar phenomenon was noticed for the £hext to  published in a previous pap&rThere are some notable
the amino functionality, where there was a shift downfield comparisons to be made to the structures obtained in this
of approximately 0.8 ppm in theH NMR spectrum forl, paper. Crystals of were obtained by slow evaporation from
3, and4 and a corresponding shift of4 ppm downfield an ether solution, and an X-ray structure analysis was carried
for the 13C spectra. For a specific case, methylation of the out. Selected bond lengths and angles are shown in Table 2.
nitrogen atom oB leads to the merging of the chemical shifts Compound4 is the first structurally characterized example
for the CH, axial and equatorial protons attached to the Of ametal complex containing theldu(CH,).N(CH,)s ligand
carbon atoms bound to the nitrogen atom. Other compounds nd the molecular structure is shown in Figure 1.
where the amino functionality is bound directly to the ring,
have been reported previoushFor these compounds both ~ (16) %el‘h" K-P.; Boche, G.; Massa, W.Organomet. Chen1984 486,
monomethylation and dimethylation of the amino functional (17) Connelly, N. G.: Geiger, W. EChem. Re. 1996 96, 877-910.
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Table 1. Crystallographic Data for Compounds5, 8, 11-13, and15

Bradley et al.

4 5 8 11 12 13 15
empirical formula Q4H36FENZ szHzoFeNz C26H34F6F8NzO4 ngHgsFeFeNzO4 C24HsngF8FeN2 C22H34BsF12Fel\b C24H38B3F12F6N2
fw 408.4 368.25 608.4 636.45 584.03 642.79 670.84
cryst syst monoclinic  triclinic triclinic monoclinic monoclinic monoclinic _triclinic
space group P2i/c P1 P1 P2, P2;/c C2lc P1
a A 6.0088(2)  5.8396(3) 11.53790(10) 7.39400(10) 13.4954(2) 26.5138(7) 12.40280(10)
b, A 11.1680(4) 16.1100(8) 12.9269(2) 12.2973(2) 6.16440(10) 7.9306(3) 14.1872(2)
c, A 15.7744(5) 19.9913(10) 13.8330(2) 16.4000(3) 31.6684(6) 15.3975(5) 18.6994(2)
o, deg 90 114.054(2) 96.2130(8) 93.8530(5)

p, deg 96.506(3)  95.030(3) 90.7990(8) 102.7110(3) 94.4780(6) 123.6610(10) 99.2720(6)
y, deg 90 95.368(3) 96.0790(5) 113.7380(6)
vol, A3 1051.74(6) 1693.40(12) 2038.86(5) 1454.64(4) 2626.48(8) 2694.79(15) 2940.70(6)
temp, K 150(2) 150(2) 150(2) 150(2) 150(2) 150(2) 150(2)

z 2 4 3 2 4 4

u(Mo Ka)), mm2 0.728 0.896 0.631 0.593 0.648 multiscan multiscan

no. of reflns collected 14428 6584 37964 26747 21359 9435 57220

no. of independent refins 2071 5414 7970 5668 5167 4836 11530

Rin® 0.064 0.0468 0.0529 0.0589 0.0685 0.0412 0.0799

final Rindices | > 20(1)], R1® 0.0335 0.0396 0.0368 0.0416 0.0491 0.0449 0.0637
wR2Z® 0.0858 0.0903 0.0943 0.1016 0.1103 0.1337 0.1764

Rt = 3|Fo” ~ F(mean)/3[Fo?]. °R1= 3 |IFo| — |Fell/X[Fol. “WR2 = [3[W(Fo® — F&)?/ 3 [W(F?)] V2

Table 2. Selected Interatomic Distances (A) and Selected Angles (deg) (CH,),N(CH,)s} Clz was synthesized by treatment of TiCl

between Interatomic Vectors with Estimated Standard Deviations in

Parentheses fof*

with MesSiGsH4(CH,).N(CHy)s, but no characterization data
have been published. The chromium analogufg;&ZsH,-

Eg&tgg; g:giégg;g ggggg; }:iggg; (CH,)2N(CHy)s} Cl, was characterized by elemental analysis
Fe(1-C(3) 2.0382(17) C(3YC(4) 1.407(3) and mass spectrometryt has half of a molecule per
Fe(1)-C(4) 2.0515(19)  C(4yC(5) 1.420(3) asymmetric unit and a crystallographic center of inversion;
gﬁgg‘;‘?ec 3:8380(18) a?/frz(g:él)ec i:ﬁ;g(z) this compares t8, which has one molecule per asymmetric
C)-C(2)-C(3)  10833(17) average-@—C 108 unit. The piperidinN-ylethyl ring substituents exist in a chair
C()-C(3)-C(4) 108.16(16) C(6)C(1)-Cp(cent)(l) 178.8 conformation, which is similar to the conformation of the
C(3)-C(4)-C(5)  107.72(17) methyl-substituted piperidinyl ring iB. Compound differs
gggiggjggg 18%182; from 3 in that the cyclopentadienyl rings are staggered from

' each other and the piperidi-ylethyl side chains are as far
Fe(1)-Cp(cent)(1) 1.66

aCp(cent)(1) denotes the centroid of the €@ngs C(1)}-C(5) and
C(1yac(sy.

C(4)

o™

[ C(2)

(3)
Fe(1)

Figure 1. Molecular structure of compoundl

Q
x

Other metal complexes featuring theHz(CH,).N(CH,)s
ligand system include Ti-CsH(CH,),N(CH,)s} Cl5'® and
Cr{77—C5H4(CH2)2N(CH2)5}CI2.19 The Compound T{.W-CE,HA,-

(18) Herrmann, W. A.; Morawietz, M. J. A.; Priermeier, T.; Mashima, K.
J. Organomet. Chen1995 486, 291—-295.

(19) Dithring, A.; Gthre, J.; Jolly, P. W.; Kryger, B.; Rust, J.; Verhovnik,
G. P. J.Organometallic200Q 19, 388-402.
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away from each other as possible. Bpthe cyclopentadienyl
rings are virtually eclipsed and the substituents are not
completely opposite each other. We have observed a similar
phenomenon for the analogous vanadocene systems.

The (pyrid-2-ylmethyl)cyclopentadienyl ligand system has
been used previously in the synthesis of titanocene deriva-
tives; the hydrolysis product ([{i-CsH4CHz(CsHsNH)} -
Cl,],0)?*+2[CI"] was obtained during the attempted prepa-
ration of Ti{ #-CsH4CH,(CsH4N)} Clz.2t This is the first time
that this ligand has been crystallographically characterized
while attached to a metal center. Single crystal$ afere
obtained from slow evaporation from a solution in toluene.
The two cyclopentadienyl rings of the ferrocene unit are
eclipsed, with the pyrid-2-ylmethyl side chains trans to each
other, which is similar to the conformation adopted3n
But, unlike 3 and 4, there are two molecules & per
asymmetric unit. Selected data for molecule 1 and molecule
2 are given in Table 3.

The iron ring-centroid distances for molecule 1 are
Fe(1)-Cp(cent)= 1.640 A and Fe(BCp(cent)= 1.636
A, and those for molecule 2 are Fe{Z}p(cent)= 1.650 A
and Fe(2)-Cp(cent)= 1.651 A; these are not exceptional
for these types of cyclopentadienyl systems, but it should

(20) Bradley, S.; McGowan, P. C. Unpublished work.
(21) Blais, M. S.; Chien, J. C. W.; Rausch, M. DrganometallicsL998
17, 3775-3783.



Amino-Functionalized Ferrocenes and Their Salts

Figure 2. (a, top left) Chains of molecule 1 of compouBdvhich are linked by &H---N interactions. The €H--N distance and angle are 2.37 A and
166°. (b, top right) One of the EH-+-z-linked chains of molecule 2 with molecule 1. The-8---x distance and angle are 2.617 A and 158, bottom)
The asymmetric unit of compourlcontaining two molecules (molecule 1 and molecule 2).

be noted that they are different from each other. The distancesC—H groups of a cyclopentadienyl unit and the nitrogen of
for molecule 2 are also slightly shorter than those3 @ind the pyridyl moiety of an adjacent molecule 1, giving a
4 (1.657/1.660 and 1.660 A, respectively), especially in the distance G-H-+-N of 2.57 A and a GH—N angle of 1686.
case of molecule 1. Compared to the crystal structures of This is significantly shorter than the sum of the van der Waals
and4, the packing ofs is dramatically different. radii of 2.75 A. Thus, these interactions lead to intermolecular

To evaluate whether there were any short intermolecular bonds which result in chains of molecule 1 linked by the
distances irb, the crystallographic data were subjected to a C—H---N interactions within the crystal lattice. This is
Platon analysig? Platon is a molecular geometry tool, which highlighted in Figure 2a.

provides bond lengths and angles for intermolecular separa-  There are no such intermolecular interactions involved in
tions which are shorter than expected. The Platon analysisygjecyle 2, but molecule 2 experiences a weakHe

showed that there is a short contact between one airthe cloud interaction with the hydrogen atom next to the nitrogen

(22) Spek, A. LPLATON A Multipurpose Crystallographic TodJtrecht atom c_)f Its pyrldyl rng, C(2.3)-.H(23), a”‘?' On_e of the Cp
University: Utrecht, The Netherlands, 2000. centroids of molecule 1; this is shown in Figure 2b. The
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Table 3. Selected Interatomic Distances (A) and Selected Angles (deg) between Interatomic Vectors with Estimated Standard Deviations in Parentheses

Bradley et al.

for 52
molecule 1 molecule 2

Fe(1)-C(1) 2.020(2) Fe(2yC(23) 2.054(2)
Fe(1y-C(2) 2.043(2) Fe(2yC(24) 2.027(2)
Fe(1)-C(3) 2.040(2) Fe(2yC(25) 2.037(3)
Fe(1)-C(4) 2.043(3) Fe(2)C(26) 2.039(2)
Fe(1)-C(5) 2.006(2) Fe(2yC(27) 2.023(2)
Fe(1y-C(12) 2.035(2) Fe(2)C(34) 2.028(2)
Fe(1)-C(13) 2.042(2) Fe(2)C(35) 2.040(2)
Fe(1)-C(14) 2.047(3) Fe(2)C(36) 2.028(2)
Fe(1y-C(15) 2.017(2) Fe(2)C(37) 2.049(3)
Fe(1)-C(16) 1.988(2) Fe(2)C(38) 2.028(2)
C(1)-C(2) 1.389(3) C(23)yC(24) 1.390(4)
C(2)-C(3) 1.414(4) C(24)yC(25) 1.421(4)
C(3)-C(4) 1.396(4) C(25)C(26) 1.383(3)
C(4)—-C(5) 1.406(3) C(26)yC(27) 1.415(3)
C(5)-C(1) 1.428(3) C(2HC(23) 1.403(3)
C(12)-C(13) 1.393(3) C(34)C(35) 1.378(3)
C(13)-C(14) 1.423(4) C(35)yC(36) 1.403(4)
C(14)-C(15) 1.389(3) C(36)C(37) 1.396(3)
C(15)-C(16) 1.413(3) C(3AHC(38) 1.392(4)
C(16)-C(12) 1.403(3) C(38)C(34) 1.418(3)
average FeC 2.04 average FeC 2.04
average GC 1.407 average €C 1.4
Fe(1)-Cp(cent)(1) 1.64 Fe(2)Cp(cent)(3) 1.65
Fe(1)-Cp(cent)(2) 1.636 Fe(2)Cp(cent)(4) 1.65
C(1)-C(2)-C(3) 107.5(2) C(23)yC(24)-C(25) 109.6(2)
C(2)-C(3)-C(4) 109.5(5) C(24)yC(25)-C(26) 107.3(2)
C(3)-C(4)-C(5) 106.9(2) C(25)C(26)-C(27) 107.5(2)
C(4)—-C(5)-C(1) 108.3(2) C(26yC(27C(23) 109.4(2)
C(5)-C(1)-C(2) 107.8(2) C(27C(23y-C(24) 106.1(2)
C(12)-C(13)-C(14) 109.0(2) C(34)C(35)-C(36) 107.4(2)
C(13)-C(14y-C(15) 107.4(2) C(35yC(36)-C(37) 109.6(2)
C(14)-C(15)-C(16) 107.7(2) C(36)C(37)-C(38) 106.3(2)
C(15)-C(16)-C(12) 109.0(2) C(37HC(38)-C(34) 108.8(2)
C(16)—-C(12)-C(13) 106.8(2) C(38)C(34)-C(35) 107.8(2)
average G C—C 108 average €C—C 108
C(6)—C(5)—Cp(cent)(1) 178.4 C(2AHC(28)-Cp(cent)(3) 179.5
C(17)-C(16)—Cp(cent)(2) 176.9 C(38)C(39)-Cp(cent)(4) 178.6

aCp(cent)(1)-Cp(cent)(4) denote centroids of the fings C(1)-C(5), C(12)-C(16), C(23)-C(27), and C(34)C(38) respectively.

asymmetric unit of 8 is shown in Figure 2c (other figures
shown in the Supporting Information). The C(23j(23)---
Cpcencdistance of 2.617 A and bond angle of 2%8e typical
for a C(spg)—H donor andr cloud acceptof? It has been
noted by Desiraju and Steirférthat the entire face of the

proved not to be possible; however, the crystal structures of
8, 11, and 12 were determined, and there are different
hydrogen-bonding properties associated with each structure.
The bond lengths and angles f8rare shown in Table 4.
There are 1.5 molecules per asymmetric unit which prove

aromatic ring can serve as a hydrogen bond acceptor, ando be quite different from each other with respect to the

this seems to be the case frwhere the C(23yH(23)-+-x

is more closely positioned toward C(29) and C(40). Com-

positioning of the substituted Cp rings. Both of the ring
conformations and positioning of the pendant groups are

parisons can be made between amino-functionalized fer-different from those observed for the neutral ferrocene

rocene5 and a different type of ferrocinium derivative,
[(FeGH4CH,NCsHs)]2m2[Br-], which has recently been
reported by Mingos et &l They report short intermolecular
Cp—H--- interactions, but the situation is different in that
they have observed interactions of one of tntho Cp
hydrogen atoms of one Cp of one molecule withAh&ouds

of the pyridyl rings of the next to give distances of 2.82 and
2.88 A and angles of 182and 138, respectivel\?. A Platon
analysis was carried out o® and 4, and this showed no
intermolecular interactions of significance.

Ferrocene Salt Compounds Finding suitable X-ray-
quality crystals of the methylated ferrocen&s7, and 10

(23) Desiraju, G. R.; Steiner, TThe Weak Hydrogen Bondxford
Univerity Press: Oxford, 1999.
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precursor3. For molecule 1 the Cp rings are staggered and
the piperidinyl side chains are trans to each other: this is
similar to the conformation of compourdl Molecule 2
represents a different bonding situation where the Cp rings
are eclipsed and the pendant arms are virtually eclipsed, and
this is shown in Figure 3.

There are also hydrogen-bonding interactions associated
with each N-H group of compound, which effectively
link the ammonium cationic fragment and the trifluoroacetate
anionic fragment. The details are shown in Table 5. The three
bond lengths and angles are, respectively,—N9---
039B-C39 = 2.718 A and 173.7 N20—H20---O35A—
C35=2.701 A and 177.8 and N3+H31:--0O37B-C37
= 2.723 A and 1682 these are typical of NH---O
hydrogen bonds.
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Table 4. Selected Interatomic Distances (A) and Selected Angles (deg) QR
between Interatomic Vectors with Estimated Standard Deviations in o) c(m i)
Parentheses fd8* bk )\C‘”’ cez f
€(16) ﬂcm x*( ) o

Molecule 1 d// P‘CL
Fe(1)-C(1) 2.0809(19) N(9)C(9) 1.492(2) ., () J\
Fe(1-C(2) 2.057(2) C(10yC(11) 1.521(3) cm)@ 9 0(18) —CHC Nz )320)
Fe(1)-C(3) 2.056(2) O(39a)yC(39) 1.232(3) o : —
Fe(1)-C(4) 2.0543(19) O(39B)C(39) 1.247(3) (_‘C/ \Egﬁ O é) }/
Fe(1)-C(5) 2.0561(19) C(40)F(40a) 1.303(3) ;J cize
C(1)-C(5) 1.424(3)  C(40yF(40b) 1.335(3) C(aa) Ty O
C(1)-C(6) 1.508(3)  C(40)F(40c) 1.311(3) 1
C(3)-C(4) 1.417(3)  C(39¥C(40) 1.541(3) & P
C(6)-C(11) 1.529(3) Fe(BHCp(cent)(1) 1.668 c@2) Pr c«ze>
C(7)-C(8) 1.520(3) Q}’}’ J\ 1
C(5)-C(1)-C(2) 106.92(17) C(4)C(5)-C(1) 108.70(18) %
C(4)-C(3)-C(2) 107.79(18) O(39b)C(39)-C(40) 114.7(2) e Sy
C(3)-C(2)-C(1) 108.55(18) O(39a)C(39)-C(40) 115.7(2) ’)’ ©
C(3)-C(4)-C(5) 108.03(18) O(392)C(39)-0(39b) 129.6(2)

Molecule 2 Figure 3. Molecular structure of molecule 2 from the asymmetric unit of
Fe(2)-Cp(cent)(2) 1.661 Fe(3)Cp(cent)(3) 1.655 8. The trifluoroacetate anions are omitted for clarity.
Fe(2)-C(25) 2.0425(19) Fe(2)C(15) 2.0492(19)
Egg)):gg% gggggz()lg) ',::i((gggg ggg%gg; Table 5. Hydrogen Bond Distances and Angles for Compou@ds
Fe(2)-C(13) 2.058(2) Fe(2)C(23) 2.0620(18) 11713 and1s
Fe(2)-C(12) 2.0763(19) C(13)C(13) 1.425(3) D—H d(D-H) d(H-A) —DHA d(D~A) A
C(12)-C(16) 1.433(3) C(1C(17) 1.504(3)
C(13)-C(14) 1.420(3)  C(14)YC(15) 1.424(3) 8
C(15)-C(16) 1.423(3) C(17C(18) 1.528(3) N(9)—H(9) 0.930 1.793 172.68 2.718 O(39b)
C(17)-C(22) 1.534(3)  C(18}C(19) 1.515(3) N(20)—H(20)  0.930 1.771 177.78 2.701 O(35a)
C(19)-N(20) 1.498(3)  N(20)C(20) 1.488(3) N(31)-H(31)  0.930 1.806 168.22  2.723 O(37b)
N(20)—C(21) 1.493(3) C(2BHC(22) 1.521(3) 11
C(23)-C(24) 1.434(3)  C(23)C(27) 1.435(3) N(8)—H(8) 1.0090 1.823  158.88 2.788 0(101)
C(23)-C(28) 1.511(3)  C(24)C(25) 1.429(3) N(22)-H(22) 1.0090 1727  169.06 2.724 0(200)
C(25)-C(26) 1.426(3) C(26yC(27) 1.423(3)
C(28)-C(29) 1.529(2) C(28)C(33) 1.538(2) 12
C(29)-C(30) 1522(3) C(30YN(31) 1.498(2) N(8)—H(8) 0.9305  2.024 153.37 2.886(3) F(6)
N(31)-C(31) 1.484(2) N(3DC(32) 1.499(2) N(8)—H(8) 0.9305  2.263 143.99 3.065(3) F(7)
C(32)-C(33) 1.516(3)  C(35)0(35b) 1.224(3) N(28)—H(28) 0.9307 2.051 155.08  2.922(3) F(1)
C(35)-0(35a) 1243(3) C(35)C(36) 1.539(3) N(28)-H(28)  0.9307  2.225 14219 3.01533) F(2)
C(36)—F(36c) 1.309(3) C(36)F(36a) 1.321(3) 13
C(36)—F(36b) 1.326(3)  O(37&)C(37) 1.227(2) N(9)—H(9) 0.929 1.925 164.23 2.831(14) F(34)
O(37b)-C(37) 1.250(2)  C(37C(38) 1.547(3) N(20)-H(20)  0.930 1.825 171.40  2.749(13) F(33)
F(37a)-C(38) 1.332(2) F(37bYC(38) 1.341(2) 15
F(37c)-C(38) 1.341(2) N(8)—H(8) 0.929 1.916 165.23  2.824(4)  F(6)
C(13)-C(12)-C(16)  107.15(17) C(24)C(23)-C(27)  107.13(16) N(28)-H(28)  0.9305  1.899 170.95 2.822(7)  F(8)
C(14)-C(13)-C(12)  108.59(18) C(25)C(24)-C(23)  108.24(17) N(48)-H(48)  0.9306  2.372 126.88  3.023(4) F(2)
C(16)-C(15)-C(14)  107.74(18) C(2AC(26)-C(25) 107.95(17) N(48)-H(48) 0.9306  2.073 137.77  2.832(4)  F(16)
C(15)-C(16)-C(12)  108.42(18) C(26)C(27)-C(23) 108.60(17) N(68)-H(68)  0.9312  2.395 14750 3.219(5)  F(9)
C(13)-C(14)-C(15)  108.09(18) C(26)C(25)-C(24)  108.08(17) N(68)-H(68)  0.9312 20121  143.80 2.818(5) F(10)

O(35b)-C(35)-0(35a) 128.8(2) O(35B)C(35)-C(36) 116.20(19)

0O(35a)-C(35)-C(36) 114.98(18) O(37a)C(37)-0O(37hb) 129.80(18) of 12 is shown in Figure 5. Fod2, there is one BF

O(37a)-C(37)-C(38) 114.56(17) O(37k)C(37)-C(38) 115.64(17)  counterion bound in an? fashion (slightly asymmetric) to
aCp(cent)(1)-Cp(cent)(3) denote centroids of the fings C(L)-C(5), each N-H unit, and this is represented in Figure 5, the bond

C(12)-C(16), and C(23¥C(27), respectively. lengths and angles of which can be seen in Table 5.

Ferrocenium Salt Compounds. Oxidation of the Fe

The bond lengths and angles fiit are shown in Table 6.  center to 3 has the predicted effect of increasing the Fe to

Even though they have the same counterionsGIFO, 11 Cp(cent) distance by approximately 0.04 A (1-6670 A).

differs from8 considerably with respect to ring conformation This is typical for oxidation of ferrocene to a ferrocenium

and position of the pendant functional groups, presumably compound. The bond lengths and angles8rare shown

as a consequence of the different pendant arms. There is onén Table 8. There is one molecule per asymmetric unit, and

molecule per asymmetric unit, which has a staggered ring the two cyclopentadienyl rings are staggered with the pendant

conformation, as shown in Figure 4. The hydrogen-bonding arms opposite each other.

situation is similar to that o8, with one N—H being bound There are two types of BF counterions: (i) one BF

to one CRCOO™ (bonds lengths and angles shown in Table bound in aC,-symmetricy? fashion to a N-H unit of two

5). The bond lengths and angles fi are shown in Table  different molecules (on a 2-fold axis) as shown in Figure 6

7. Changing the counterion @EOO™ from compoundll and (ii) two unbound BF counterions. The bond lengths

to BF,~ to form compound 2 has no effect on the disposition and angles fod5 are shown in Table 9.

of the rings and substituents to each other, but presents a For 15 there is one molecule and two independent half-

different hydrogen-bonding scenario. The molecular structure molecules per asymmetric unit, with the two half-molecules
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Table 6. Selected Interatomic Distances (A) and Selected Angles (deg) between Interatomic Vectors with Estimated Standard Deviations in Parentheses
for 112

C(1)-C(2) 1.427(5) C(1yC(5) 1.427(4)
C(1)-C(6) 1.499(4) C(1yFe(1) 2.056(3)
C(2)-C(3) 1.437(4) C(2yFe(1) 2.037(3)
C(3)-C(4) 1.419(5) C(3)yFe(1) 2.043(3)
C(4)—C(5) 1.411(5) C(4yFe(1) 2.050(3)
C(5)—Fe(1) 2.051(3) C(6)yC(7) 1.517(4)
C(15)-Fe(1) 2.052(3) C(16)C(17) 1.424(4)
C(16)-Fe(1) 2.037(3) C(1AHC(18) 1.414(6)
C(17)-Fe(1) 2.044(3) C(18)C(19) 1.427(5)
C(18)-Fe(1) 2.050(3) C(19)Fe(1) 2.046(3)
C(100)-F(100) 1.296(5) C(100)F(101) 1.326(5)
C(100)-F(102) 1.352(5) C(106)C(101) 1.529(6)
C(101)-0(100) 1.198(6) C(10H0O(101) 1.212(5)
C(200)-F(201) 1.333(4) C(200)F(202) 1.335(4)
C(200)-F(200) 1.344(4) C(206)C(201) 1.520(5)
C(201)-0(201) 1.231(5) C(201)0O(200) 1.246(4)
Fe(1)-Cp(cent)(1) 1.6502 Fe(:)Cp(cent)(2) 1.6494
C(2)—-C(1)-C(5) 106.7(3) C(4yC(5)-C(1) 109.0(3)
C(1)-C(2)-C(3) 108.7(3) C(4rC(3)-C(2) 107.1(3)
C(5)-C(4)-C(3) 108.5(3) C(12yC(11)-C(10) 109.7(3)
C(19)-C(15)-C(16) 107.6(3) C(1AHC(16)-C(15) 107.9(3)
C(17)-C(18)-C(19) 107.7(3) C(18)C(17)-C(16) 108.5(3)
0O(100)-C(101)-0O(101) 128.6(5) 0O(106)C(101)-C(100) 116.1(4)
0(101)-C(101)-C(100) 115.1(4) 0O(201)C(201)-0O(200) 128.5(4)
0(201)-C(201)-C(200) 116.9(3) 0(200)C(201)-C(200) 114.5(3)
Cp(cent)(1y-Fe(1)-Cp(cent)(2) 179.00

aCp(cent)(1) and Cp(cent)(2) denote centroids of theidys C(1)}-C(5) and C(15)-C(19), respectively.

Table 7. Selected Interatomic Distances (A) and Selected Angles (deg) between Interatomic Vectors with Estimated Standard Deviations in Parentheses
for 122

C(1)-C(2) 1.416(4) C(3rC(4) 1.428(4)
C(3)-C(2) 1.413(4) C(5rC(4) 1.429(4)
C(5)-C(1) 1.413(4) C(21C(22) 1.420(4)
C(21)-C(25) 1.428(4) C(24yC(23) 1.414(4)
C(24)-C(25) 1.425(4) C(23yC(22) 1.417(4)
C(1)-Fe(1) 2.050(3) C(3rFe(1) 2.049(3)
C(4)-Fe(1) 2.051(3) C(53Fe(1) 2.056(2)
C(2)-Fe(1) 2.046(3) C(2HyFe(1) 2.053(3)
C(22)-Fe(1) 2.040(3) C(23)Fe(1) 2.049(3)
C(24)-Fe(1) 2.052(3) C(25)Fe(1) 2.057(2)
Fe(1)-Cp(cent)(1) 1.6567 Fe(£)Cp(cent)(2) 1.6562
C(1)-C(5)-C(4) 107.2(3) C(23yC(24)-C(25) 108.5(3)
C(2-C(3)-C(4) 107.6(3) C(3rC(4)-C(5) 108.2(3)
C(3)-C(2-C(1) 108.2(3) C(22yC(21)-C(25) 107.9(3)
C(24)y-C(23)-C(22) 108.0(3) C(24yC(25)-C(21) 107.3(2)
C()-C(1)-C(2) 108.8(3) C(23yC(22)-C(21) 108.3(3)
Cp(cent)(1)-Fe(1)-Cp(cent)(2) 179.90

aCp(cent)(1) and Cp(cent)(2) denote centroids of theidys C(1)}-C(5) and C(21)C(25), respectively.
F(202) o(101)

c(200)
Fi20t, 0 F(200) N Lo

@J 0(201) F(102)
N\

o c(; c12) Q
c(201) C(16; ¢ O N q
0(200), 2 Q( C D) )

'f A O _ 28
~ y J ;
G

Figure 4. Molecular structure of compountL.

on inversion centers of symmetry. The bond lengths and

angles are shown in Table 9. Examination of the different

types of hydrogen-bonding In.terz.icn.ons (for bond lengths and Figure 5. A diagram showing the hydrogen bonding involved with
angles, see Table 5) reveals intriguing patterns. The molecule
without the inversion center of symmetry forms a hydrogen- by BF,~ anions, which can be seen in Figure 7a. The
bonded chain which is linked in an intermolecular fashion molecules on the center of inversion have oneHNlinked
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Table 8. Selected Interatomic Distances (A) and Selected Angles (deg) Table 9. Selected Interatomic Distances (A) and Selected Angles (deg)

between Interatomic Vectors with Estimated Standard Deviations in between Interatomic Vectors with Estimated Standard Deviations in
Parentheses fdt3* Parentheses fdt5?

C(1)-C(2) 1.426(4) C(3yC(4) 1.412(5) Fe(1)-C(2) 2.050(3) Fe(H)C(3) 2.065(4)

C(2)-C(3) 1.432(4) C(2yC(5) 1.421(4) Fe(1)-C(22) 2.073(3) Fe(HC(21) 2.078(3)

C(4)-C(5) 1.427(4) Fe(BC(1) 2.115(3) Fe(1)-C(1) 2.089(3) Fe(HC(23) 2.093(3)

Fe(1»-C(2) 2.078(3) Fe(HyC(3) 2.064(3) Fe(1)-C(25) 2.097(3) Fe(1yC(24) 2.106(3)

Fe(1)-C(4) 2.076(3) Fe(yC(5) 2.104(3) Fe(1)-C(4) 2.108(3) Fe(hyC(5) 2.138(3)

Fe(1)-Cp(cent)(1) 1.7003 C(21)-C(22) 1.414(5) C(2BHC(25) 1.436(5)

C(1)-C(2) 1.424(5) C(1¥C(5) 1.434(5)

C(1)-C(2)-C(3) 108.4(3) C(2rC(1)-C(5) 107.1(3) c(2)-C(3) 1.413(6) C(5-C(4) 1.426(5)

C(2)—-C(3)-C(4) 107.9(3) C(5xC(4)-C@3) 107.8(3) C(22)-C(23) 1.417(5) C(23)C(24) 1.409(5)

CA-Cci-C1) 108.8(3) C(3)-C(4) 1.422(5)  C(25)C(24) 1.426(5)

aCp(cent)(1) and Cp(cent)(2) denote centroids of theifgs C(1)- Fe(3)-C(44) 2.071(4)  C(4HC(42) 1.419(6)

: Fe(3)-C(43) 2.072(4) C(43)C(42) 1.381(7)

C(5) and C(12y C(16), respectively. Fe(3)-C(42) 2.082(4) C(45)C(44) 1.411(5)

Fe(3)-C(41) 2.096(4) C(45)yC(41) 1.414(5)

Fe(3)-C(45) 2.101(3)  C(44)YC(43) 1.417(7)

Fe(2)-C(63) 2.068(3) C(65)C(61) 1.428(5)

Fe(2)-C(62) 2.073(3)  C(63)YC(62) 1.420(5)

Fe(2)-C(64) 2.093(3) C(62)C(61) 1.440(5)

Fe(2)-C(61) 2.100(3) C(65)C(64) 1.429(5)

Fe(2)-C(65) 2.139(3)  C(63)C(64) 1.418(5)

Fe(1)-Cp(cent)(1) 1.7039 Fe(2)Cp(cent)(3) 1.7060
Fe(1)-Cp(cent)(2) 1.7046 Fe(3)Cp(cent)(4) 1.7081

C(22-C(21)-C(25) 108.0(3) C(4yC(5)-C(1) 107.3(3)
C(3)-C(2)-C(1) 107.9(3)  C(24yC(23)-C(22)  108.2(3)
C(21)-C(22)-C(23) 108.2(3)  C(3}C(4)—C(5) 108.0(3)
C(2)-C(3)-C(4) 108.6(3) C(24YC(25)-C(21)  107.0(3)

C(30)-C(31)-C(32) 110.7(3) C(23)YC(24)-C(25)  108.5(3)
C(45)-C(44)-C(43) 108.6(4) C(44YC(45-C(41) 107.1(3)
C(45)-C(41)-C(42) 107.7(4) C(42YC(43)-C(44)  107.8(4)
C(43)-C(42)-C(41) 108.8(4) C(63)C(64)-C(65) 109.0(3)
C(61)-C(65)-C(64) 107.0(3) C(65YC(61)-C(62)  108.3(3)
C(64)-C(63)-C(62) 108.1(3) C(63)YC(62)-C(61) 107.6(3)

a Cp(cent)(1)-Cp(cent)(4) denote centroids of thg ihgs C(1)-C(5),
C(21)-C(25), C(41)-C(45), and C(61)C(65), respectively.

Figure 6. Unit cell of 13 showing the intermolecular hydrogen-bonding
interactions.

to two different BR~ anions and one BF anion which is
bound in any? fashion to a N-H unit of one molecule
(similar to 12), and this is shown in Figure 7b. Two of the
BF,~ counterions are unbound.
The electrochemistry of some of the compouriis5, 7,
and 8, was examined, and their potentials are summarized
in Table 10. All of the compounds exhibit a reversible
oxidation process at approximately 0.00 V. Compared to the
redox potential of the ferrocenium/ferrocene couple, this
oxidation process can be assigned to th& fFe?" couple.
Two additional reversible oxidation processes were observed
at either side of the metal-based redox process for the
ferrocene salt§—10, where iodide was used as counterion.
These potentigls were similar to those of soo!ium iodide (0.23 Figure 7. (a, top) A representation of the hydrogen bondind &of the
and 0.32 V) in the same electrolyte solution and can be molecule without inversion symmetry. (b, bottom) A representation of the
assigned to the oxidation Couples of the iodide counterion. hydrogen-bonding pattern dat5 of the two molecules with inversion
For the neutral ferrocene compoun@ss, a reversible ~ SY™MMe™:
oxidation process was followed by one or two broad and
weak irreversible oxidation peaks at higher potentials.
Scanning through these irreversible oxidation processes
severely distorted the returning wave of the metal-based (24) Sakano, T.; Ishii, H.. Yamaguchi, |.; Osakado, K. Yamamottndrg.
reversible couple. A similar distortion was also observed for Chim. Acta1999 296, 176.

ferrocenophane derivatives by Osakada and co-wofkers.
However, if the scanning potential excludes the irreversible
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Table 10. Redox Potentials of Compounds-5, 7, and8 positively charged ferrocene salt&ind8 shift the oxidation
compd potential potentials in a positive direction.
3 ~0.08 057 1.20 In conclusion, in this paper we report a number of novel
4 -0.10 0.57 1,1-bis-amino-functionalized ferrocenes and their ferrocene
> oo 053 0.96 salt and ferrocenium salt counterparts. Electrochemical and
8 0.00 0.72 ' structural studies have been carried out showing a number
10 -0.15 0.08 0.25 of interesting features, including electrostatic and hydrogen
aThe potentials of compound40-12 were collected in 0.5 M bond interactions for all classes of compounds, such as
t[)N”BU4][B_F4]/CH_2C|g and the others in 0.1 M [MBu][BF4/CH:CN. C—H---N and C-H---x cloud interactions as well as-NH--+
qu(r)iz(\e/g.rsmle oxidation processes and hence anodic peak potentials werey 5 N=H-++F hydrogen bonds. Also included are the first

crystallographically characterized examples of cyclopenta-
oxidation processes, a fully reversible redox process is di€ny! units containing (piperidit¢-ylethyl)- and (pyrid-2-
restored. The observation reveals that there was no chemicaY/Mmethyl)cyclopentadienyl side chains.
reaction following the metal-based redox process as sug- Acknowledgment. We thank Dr. M. A. Halcrow for

gested by Osakadalt is possible that the first irreversible helpful comments and the EPSRC for funding.
oxidation was due to the direct oxidation of the nitrogen atom

on the pendant arm, and the decomposition of its oxidized Supporting Information Available: Additional figures consist-
product may give the second irreversible peak. ing of unit cell contents and-€H--+-z and H-bonding interactions

In the case of compourg] besides the reversible oxidation ~for compounds, 8, 12 and13and the molecular structures b2,
expected, a small irreversible peak was observed put 13 and15and crystallographic data in CIF format. This material
different from3 and4, its existence had no influence on the is available free of charge via the Internet at http://pubs.acs.org.
metal-based oxidation. In general it was observed that thelC010821K
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