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Divalent nickel, cobalt and iron complexes {[(bmppa)-
Ni(CH3CN)](ClO4)2 (1), [(bmppa)Co(CH3CN)](ClO4)2 (2),
[(bmppa)Fe(CH3CN)](ClO4)2 (3)} of an amide-appended
N2S2-donor ligand {bmppa = N,N-bis(2-methylthio)ethyl-N-
[(6-pivaloylamido-2-pyridyl)methyl]amine} have been pre-
pared and characterized using 1H NMR, IR, UV/Vis, elemen-
tal analysis and magnetic moment measurements. The com-
plexes 2 and 3 were also characterized by X-ray crystallogra-
phy. When treated with 1 equiv. of Me4NOH·5H2O in meth-
anol, 1 and 2 form deprotonated amide complexes {[(bm-
ppa–)Ni]ClO4 (4), [(bmppa–)Co]ClO4·H2O (5)} which were
isolated and characterized by 1H NMR, IR, UV/Vis, elemental
analysis and magnetic moment measurements. Treatment of
the FeII complex 3 with 1 equiv. of Me4NOH·5H2O in meth-

Introduction

Amide cleavage reactions are catalyzed by a variety of
metal-containing enzymes. An amide hydrolase that has re-
ceived considerable recent attention is peptide deformylase
(PDF). In the active site of PDF, a nitrogen/sulfur-ligated
iron(II) center is involved in the hydrolysis of a formamide
moiety during polypeptide biosynthesis.[1–4] Notably, re-
placement of the FeII ion with NiII and CoII produces cata-
lytically active enzyme.[2,3,5–8] However, with ZnII as the
active-site metal ion, the enzyme activity is reduced by ca.
100-fold.[7,9]

To investigate the role of the metal center in PDF en-
zymes, Goldberg and co-workers have investigated the
structural and spectroscopic properties of synthetic com-
plexes of relevance to resting state and formato-bound
forms of the enzyme.[10–14] These complexes are supported
by an N2S(thiolate) ligand {PATH = 2-methyl-1-[methyl(2-
pyridin-2-ylethyl)amino]propane-2-thiolate}. A zinc hy-
droxide complex of the PATH ligand has been shown to
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anol produced the free bmppa chelate ligand and a precipi-
tate of an unidentified iron species. Heating of 5 at 50 °C in
methanol for 5 d resulted in a ca. 50% yield of amide meth-
anolysis products and a small amount of products resulting
from oxidative N-dealkylation of the bmppa ligand. It has
been previously shown that a zinc analog of 5 undergoes
quantitative amide methanolysis under milder conditions.
Complex 4 does not undergo amide cleavage upon heating
at 50 °C in methanol for 5 d. A rationale for the metal-de-
pendent amide methanolysis reactivity of these complexes is
proposed on the basis of structural differences in the “par-
ent” protonated complexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

promote the hydrolysis of phosphate and carboxy es-
ters;[12,13] however, no reactivity with an amide substrate
has been reported.

We recently reported studies of the formyl ester and for-
mamide cleavage reactivity of a ZnII–OH complex,
[(bmnpaZn)2(µ-OH)2](ClO4)2, supported by an N2S2 ligand
containing an internal hydrogen-bond donor.[15] In acetoni-
trile, this complex promotes the hydrolysis of methyl for-
mate to produce methanol and a (formato)zinc complex
{[(bmnpa)Zn(O2CH)]ClO4}. In methanol, the (hydroxido)-
zinc complex reacts with the alcohol to produce a (methox-
ido)zinc complex. Treatment of this Zn–OMe complex with
formanilide results in the formation of aniline, methyl for-
mate, and [(bmnpa)Zn(O2CH)]ClO4. The formation of both
methyl formate and the (formato)zinc complex indicated
that both methanolysis and hydrolysis reactions occur in
the reaction mixture.

Recently, we investigated in detail the amide meth-
anolysis reactivity of zinc complexes of amide-appended
N4, N3S, and N2S2 donor ligands in the presence of hydrox-
ide anion in methanol.[16–18] The reaction pathway for
amide cleavage in these systems was found to involve the
initial formation of a (deprotonated amide)zinc complex
which subsequently undergoes reaction with methanol to
produce a reactive complex for amide methanolysis. The
products generated in these amide methanolysis reactions
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are a zinc complex of a primary amine-appended chelate
ligand, methyl trimethylacetate, and 1 equiv. of Me4N-
ClO4.[16–18]

The research described herein examines how the amide
methanolysis reactivity of divalent metal complexes of an
amide-appended N2S2 ligand is influenced by the nature of
the metal center. This work has some relevance to peptide
deformylase, as we have examined the structural, spectro-
scopic, and amide cleavage reactivity properties of NiII,
CoII, and FeII analogs of [(bmppa)Zn](ClO4)2 {bmppa =
N,N-bis(2-methylthio)ethyl-N-[(6-pivaloylamido-2-pyridyl)-
methyl]amine}.[16,18] To the best of our knowledge, this is
the first direct comparison of amide cleavage reactivity in
structurally related complexes of these metal ions. Findings
of this study include: (1) similar to the chemistry of
[(bmppa)Zn](ClO4)2, the NiII and CoII analogs form depro-
tonated amide complexes upon treatment with hydroxide
anion, whereas the FeII analog decomposes to yield free
bmppa ligand and unidentified iron species; and (2) of the
non-zinc metals only the (deprotonated amide)CoII com-
plex reacts with methanol to yield amide methanolysis
products, albeit in lower yield than the zinc analog. A ra-
tionale for the metal-dependent amide methanolysis reactiv-
ity of these complexes is proposed on the basis of structural
differences in the “parent” protonated complexes.

Results and Discussion

Synthesis and Characterization of Divalent Metal
Complexes

Mononuclear divalent nickel, cobalt, and iron complexes
of the bmppa ligand were prepared by treatment of the li-
gand with [M(H2O)6](ClO4)2 (M = Ni, Co, and Fe) in meth-
anol. Recrystallization of the resulting metal complex from
acetonitrile-containing solutions resulted in the isolation of
[(bmppa)M(CH3CN)](ClO4)2 (1: M = NiII; 2: M = CoII; 3:
M = FeII; Scheme 1). Each complex has been characterized
by elemental analysis, 1H NMR, FTIR, UV/Vis spec-
troscopy, mass spectrometry, and a magnetic moment mea-
surement. For 2 and 3, crystals suitable for single-crystal X-
ray diffraction were obtained.

ORTEP drawings of the cationic portions of the X-ray
structures of 2 and 3 are shown in Figure 1. Selected bond
lengths and angles are given in Table 1. These complexes

Scheme 1. Synthetic route for the preparation of divalent metal complexes of the bmppa ligand.
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are nearly isostructural, with both crystallizing in the P21/
c space group. In each the divalent metal center is ligated
by all of the available donor atoms of the chelate ligand
and one acetonitrile solvent molecule. The geometry of the
metal center in these complexes is distorted octahedral with
the acetonitrile molecule positioned in the same plane as
the chelate ring containing the amide moiety, thereby bisec-
ting the S(1)–M–S(2) angle. In comparing 2 and 3, the
average M–S (2: 2.50 Å; 3: 2.33 Å) and M–N (2: 2.10 Å;
3: 1.99 Å) bonds are notably longer in the CoII derivative,
whereas the M–O(1) distances differ by only ca. 0.06 Å [2:
Co–O(1) 2.0125(15) Å; 3: Fe–O(1) 1.956(2) Å].

Figure 1. ORTEP drawings of the cationic portions of 2 (left) and
3 (right). Ellipsoids are plotted at the 50% probability level. All
hydrogen atoms except the amide proton are not shown for clarity.

The solid-state FTIR spectral features of 1–3 in KBr are
consistent with amide coordination. Specifically, the amide
C–O stretching vibration is shifted to lower energy (ca.
1648–1633 cm–1) as compared to the position of this vi-
bration in the free bmppa ligand (1687 cm–1). Solution IR
spectra of 1–3 in acetonitrile (100 m) have features in the
region of 1700–1550 cm–1 that are very similar to the solid-
state spectra, providing evidence that amide coordination is
maintained in solution. In the solid-state FTIR spectra,
each complex exhibits a νN–H stretching vibration at ca.
3350–3300 cm–1. The solution UV/Vis absorption spectral
features of 1–3 are summarized in Table 2. All complexes
show strong ligand-based absorptions at �400 nm. For 2,
a 511 nm (ε = 44 –1 cm–1) transition is consistent with the
CoII center having a six-coordinate pseudo-octahedral ge-
ometry in solution.[19] Each complex contains a high-spin
pseudo-octahedral metal center, as evidenced by solution
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Table 1. Selected bond lengths and angles.[a]

2 3

M(1)–O(1) 2.0125(15) 1.956(2)
M(1)–N(1) 2.0667(19) 1.957(3)
M(1)–N(3) 2.0980(17) 1.976(2)
M(1)–N(4) 2.1369(18) 2.050(3)
M(1)–S(1) 2.5092(7) 2.3195(12)
M(1)–S(2) 2.4226(7) 2.3395(10)
O(1)–M(1)–N(1) 94.42(7) 89.95(11)
O(1)–M(1)–N(3) 86.00(7) 90.52(10)
N(1)–M(1)–N(3) 175.08(8) 177.01(12)
O(1)–M(1)–N(4) 164.86(7) 174.49(10)
N(1)–M(1)–N(4) 99.06(7) 95.21(11)
N(3)–M(1)–N(4) 81.15(7) 84.42(10)
O(1)–M(1)–S(1) 90.71(5) 92.01(8)
N(1)–M(1)–S(1) 87.16(6) 87.65(9)
N(3)–M(1)–S(1) 97.73(5) 95.28(8)
N(4)–M(1)–S(1) 83.15(5) 86.31(8)
O(1)–M(1)–S(2) 99.93(5) 94.28(8)
N(1)–M(1)–S(2) 91.76(6) 91.36(9)
N(3)–M(1)–S(2) 83.34(5) 85.66(8)
N(4)–M(1)–S(2) 86.57(5) 87.52(8)
S(1)–M(1)–S(2) 169.36(2) 173.63(4)

[a] Estimated standard deviation in the last significant figure is
given in parentheses.

magnetic moment measurements performed at 298 K using
the Evans method.[20] For 1–3 the effective magnetic mo-
ment is higher than the spin-only value (NiII: 2.8 µB; CoII:
3.9 µB; FeII: 4.9 µB) calculated for the high-spin metal center
due to spin-orbit coupling.[21]

Table 2. Selected properties of 1–3.

1 2 3

UV/Vis: λ [nm] (ε [–1 cm–1])[a] 536 (14), 867 (40), 953 (40) 511 (44) 754 (10)
µeff [µB] 3.0 4.6 5.0

[a] Spectra collected in CH3CN.

Complexes 1–3 exhibit paramagnetically shifted 1H
NMR spectra. These spectra are shown in Figures 2, 3, and
4 to illustrate that each complex exhibits signals that can
be identified on the basis of integrated intensity, deuterium
substitution, and/or 1H-1H COSY experiments. When dis-
solved in CD3CN, complex 1 (Figure 2) exhibits a tert-butyl
methyl signal at δ = 4.6 ppm and an amide proton reso-
nance at δ ≈ –6 ppm, the latter of which was assigned by
deuterium substitution (with D2O). In the region of δ ≈
180–10 ppm are several resonances. A sharp signal at δ =
14.2 ppm has been tentatively assigned as the γ-H of the
pyridyl ring. While the remaining signals have not been con-
clusively assigned, we believe that the signals at δ ≈ 49 and
73 ppm are for the β-H atoms of the pyridyl ring. For 2 in
CD3CN (Figure 3), the tert-butyl methyl signal is found at
δ ≈ 28 ppm. The β-H and γ-H signals for this complex have
been assigned on the basis of a 1H-1H COSY spectrum.
Addition of D2O to a solution of 2 in CD3CN failed to
reveal the signal of the amide hydrogen atom (by loss of the
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1H signal). When dissolved in CD3CN, complex 3 (Fig-
ure 4) exhibits resonances in the range of δ ≈ 110–0 ppm.
The tert-butyl methyl resonance of 3 is found at δ = 4.2 ppm
in dry CD3CN. We tentatively assigned the β-H and γ-H
signals for this complex as shown in Figure 4 on the basis
of peak width and intensity. The 1H NMR features of this
complex exhibit a solvent dependence, with addition of a
small amount of D2O (2 µL) to a water-free CD3CN solu-
tion of 3 producing an upfield shift of the tert-butyl reso-
nance to δ ≈ 3.4 ppm. The addition of D2O also produces
changes in the spectrum in the region of δ = 20–30 ppm.
Analysis of the 1H NMR features of 3 as a function of
solvent remains under investigation.

Figure 2. 1H NMR spectrum of 1 in dry CD3CN at ambient tem-
perature (s = signal of CD2HCN).

Figure 3. 1H NMR spectrum of 2 in dry CD3CN at ambient tem-
perature (s = signal of CD2HCN).
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Figure 4. 1H NMR spectrum of 3 in dry CD3CN at ambient temperature (s = signal of CD2HCN).

Reactivity of 1–3 with Hydroxide Anion in Methanol –
Isolation of Deprotonated Amide Complexes

We have previously reported that treatment of [(bmppa)-
Zn](ClO4)2 with Me4NOH·5H2O in methanol-containing
solutions results in amide methanolysis.[16,18] This reaction
proceeds through the initial formation of a depronated
amide complex, [(bmppa–)Zn]ClO4, which subsequently
undergoes reaction with methanol to produce the reactive
species for amide cleavage.[18] Treatment of 1 with
Me4NOH·5H2O in methanol results in the formation of the
deprotonated amide complex [(bmppa–)Ni]ClO4 (4,
Scheme 2) which has been isolated and characterized by ele-
mental analysis, FTIR, UV/Vis, 1H NMR spectroscopy,
and a solution magnetic moment measurement. The ele-
mental analysis data for 4 is best fit with one perchlorate
anion and no coordinated solvent molecules, suggesting an
overall coordination number of five for the NiII center. The
FTIR spectrum of 4 differs from that of [(bmppa)-
Ni(CH3CN)](ClO4)2 (1) in that intense vibrations found in
the region of ca. 1600–1635 cm–1 for 1, which include the
ν(COamide) vibration, are not present in the spectrum of 4.
Instead, a series of intense new vibrations is centered at
ca. 1450 cm–1, which is consistent with the presence of a
deprotonated amide moiety.[17] The UV/Vis absorption
spectral features and solution magnetic moment of 4 are
given in Table 3. The absorption and 1H NMR (Figure 5)

Scheme 2. Reaction of 1 with Me4NOH·5H2O.
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spectral features of 4 are different from those of 1. In the
1H NMR spectrum of 4 no signal upfield of zero is present,
consistent with amide deprotonation. Two prominent reso-
nances at δ ≈ 49 and 73 ppm in the spectrum of 1 appear
to have shifted to δ ≈ 61 and 64 ppm in 4. These resonances
are assigned to the β-H atoms of the pyridyl ring. It is im-
portant to note that resonance structures for the deproton-
ated amide moiety can be drawn wherein the anionic charge
is positioned at the β-carbon atoms of the pyridyl ring, thus
providing a rational for why the β-H signals shift upon de-
protonation.[17] The tert-butyl methyl signal of 4 is shifted
slightly downfield (δ = 5.6 ppm) relative to the position of
the same signal of 1 (δ = 4.6 ppm). The γ-H resonances of 1
and 4 are at nearly identical chemical shifts (δ = 14.2 ppm).

Table 3. Selected properties of 4 and 5.

4 5

UV/Vis: λ [nm] (ε [–1cm–1])[a] 530 (20), 835 (20), 1034 (35) 548 (140)
µeff [µB] 3.1 3.7

[a] Spectra collected in CH3CN.

Treatment of [(bmppa)Co(CH3CN)](ClO4)2 (2) with
Me4NOH·5H2O results in the formation of a brown depro-
tonated amide complex, [(bmppa–)Co]ClO4·H2O (5). The
elemental analysis of 5 is best fit with the inclusion of one
water molecule in the bulk, isolated sample of the com-
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Figure 5. 1H NMR spectrum of 4 in dry CD3CN at ambient tem-
perature (s = signal of CD2HCN).

pound. Additional evidence for the presence of this water
molecule comes from FTIR spectroscopic analysis of a
crystalline sample of the complex, which revealed a νO–H

vibration at 3430 cm–1. Also present in the FTIR spectrum
of 5 is an intense set of vibrations at ca. 1450 cm–1, which
is characteristic of the presence of a deprotonated amide
moiety.[17] The UV/Vis absorption spectrum of 5 includes a
d–d transition at 548 nm (ε = 140 –1 cm–1). The intensity
of this absorption band is consistent with the CoII center
having a coordination number of five in acetonitrile.[19] On
the basis of this spectroscopic data, we propose that the
CoII center in 5 is ligated by the five available donors in the
deprotonated bmppa– ligand and that the water molecule
is not coordinated to the metal center. The difference in
coordination number between 5 and 2 may be the reason
why the 1H NMR features of 5 (Figure 6) are noticeably
different from those of its protonated analog (Figure 3).
Specifically, whereas 5 has resonances over a ca. 120 ppm
region, the parent complex 2 has signals over a ca. 80 ppm
region. Overall, the deprotonated amide complex exhibits
generally sharper signals. In terms of specific resonances,
complex 5 has a tert-butyl methyl resonance at δ ≈ 22 ppm
whereas for 2 this signal is found at δ = 29 ppm. Similarly,
5 exhibits a γ-H resonance (δ = 14.2 ppm) upfield of where
this signal appears in the 1H NMR spectrum of 2 (δ =
22.0 ppm). The magnetic moment for 5 (µeff = 3.7 µB) is
slightly below the spin-only value calculated for three un-
paired electrons (µeff = 3.87 µB). Thus far, efforts to gener-
ate X-ray quality crystals of 5 have failed, with only micro-
crystalline solids being isolated.

Treatment of the FeII complex [(bmppa)Fe-
(CH3CN)](ClO4)2 (3) with Me4NOH·5H2O in methanol un-
der nitrogen results in the formation of a dark green pre-
cipitate in a yellow solution. Physical separation of the pre-
cipitate and the soluble components, followed by removal of
the solvent from the soluble portion, yielded the free bmppa
ligand in 78% yield. The green precipitate was dried under
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Figure 6. 1H NMR spectrum of 5 in dry CD3CN at ambient tem-
perature (s = signal of CD2HCN).

vacuum and analyzed by IR spectroscopy. This solid con-
tains Me4NClO4 as well as unidentified iron species.

Overall, these studies revealed that, while stable divalent
metal ion complexes of the deprotonated amide bmppa– li-
gand can be formed for NiII and CoII, an FeII analog can-
not be generated under similar conditions.

Heating of 4 and 5 in Methanol

Heating of a methanol solution of the (deprotonated
amide)NiII complex 4 at 50 °C for 5 d, followed by removal
of the NiII ion using aqueous Na2EDTA, produced the un-
altered bmppa ligand in quantitative yield. Thus, complex
4, which contains a deprotonated amide moiety akin to that
found in [(bmppa–)Zn]ClO4,[17] does not undergo amide
methanolysis. A rationale for the difference in reactivity be-
tween 4 and [(bmppa–)Zn]ClO4 involves the location of an
anion binding site on the metal center. For the (deproton-
ated amide)NiII complex, reaction with methanol could
produce a pseudo-octahedral complex, wherein the meth-
oxide is in the same plane with the coordinated amide (Fig-
ure 7). This orientation would not be productive for intra-
molecular amide cleavage. For the zinc derivative, we have
previously proposed that the reactive species involves a tri-

Figure 7. Proposed orientation of amide and methoxide anion in
NiII and ZnII complexes of the bmppa ligand.
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gonal-prismatic structure, wherein the coordinated meth-
oxide nucleophile and amide are in adjacent coordination
positions (Figure 7).[17]

Heating of a methanol solution of the deprotonated
amide complex 5 at 50 °C for 5 d under nitrogen, followed
by removal of the CoII ion using aqueous Na2EDTA pro-
duced the amide methanolysis product bmapa {N,N-bis(2-
methylthio)ethyl-N-[(6-amino-2-pyridyl)methyl]amine} in
ca. 50% yield, along with unaltered bmppa ligand (ca.
43%), and a third product, N-(6-formylpyridin-2-yl)-2,2-di-
methylpropanamide (ca. 7%).[21] The other amide meth-
anolysis product (methyl trimethylacetate) is volatile and
was not isolated or quantified. We attribute the formation
of the aldehyde product to the presence of a trace amount
of O2 in the reaction mixture. Cobalt(II) complexes have
been previously shown to undergo reaction with O2 to gen-
erate reactive CoIII peroxide or hydroperoxide complexes
that mediate the N-dealkylation of supporting chelate li-
gands.[23] The production of only ca. 50% of the chelate
ligand amide methanolysis product after 5 d at 50 °C con-
trasts with the reactivity of the zinc analog [(bmppa–)Zn]-
ClO4, wherein a 96% yield of bmapa is obtained after heat-
ing of the complex in methanol at 40(1) °C for 48 h and
removal of the ZnII ion. Note that control reactions have
demonstrated that the bmppa ligand is unreactive in the
absence of a metal ion.[16] On the basis of the structure of
2, we speculate that a six-coordinate cobalt methoxide spe-
cies may adopt either of the two structural types shown in
Figure 7. If the thermodynamically more stable form is the
pseudo-octahedral complex, it may rearrange with in-
creased temperature to produce a pseudo-trigonal-prismatic
geometry that is the reactive species for intramolecular
amide methanolysis. Of relevance to this chemistry, we note
that a trigonal-prismatic type of geometry, as is proposed
for the ZnII cation shown in Figure 7, has been previously
identified in cadmium and mercury “parent” complexes of
the bmppa and beppa {N,N-bis(2-ethylthio)ethyl-N-[(6-piv-
aloylamido-2-pyridyl)methyl]amine} ligands.[16,24] These
complexes undergo methanolysis of the amide when treated
with 1 equiv. of base in methanol-containing solutions. In
the crystal structures of the CdII and HgII complexes a per-
chlorate anion is coordinated to the metal center (Figure 8).
This perchlorate interaction produces an overall distorted
trigonal-prismatic geometry at the metal center. We propose
that the –OCD3 nucleophile (Figure 7) interacts with the
metal center in a similar fashion.

Figure 8. Structural features of cadmium and mercury “parent”
complexes of amide-appended N2S2 ligands.
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Conclusions

Divalent nickel, cobalt and iron complexes of the amide-
appended N2S2 donor ligand bmppa have been isolated and
characterized. These “parent” complexes exhibit distorted
octahedral structures and amide oxygen coordination. In
the presence of base, the NiII and CoII complexes undergo
reaction to yield isolable deprotonated amide complexes
that have been characterized by multiple methods. Heating
of methanol solutions of these deprotonated amide com-
plexes produces amide cleavage products only in the case of
the CoII derivative. Notably, the reaction involving the CoII

complex is slower than the corresponding reaction involv-
ing a zinc analog. We propose that this difference is due to
the reactive zinc complex exclusively adopting a distorted
trigonal-prismatic geometry, whereas the CoII analog may
also adopt an unreactive distorted octahedral geometry.
These results demonstrate the important role of metal coor-
dination geometry preferences in influencing amide cleav-
age reactivity.

Experimental Section
General Remarks: Reagents and solvents were purchased from
commercial sources and were used as received unless otherwise
noted. Solvents for glove-box use were dried according to published
procedures and were degassed prior to use.[25] FTIR spectra were
recorded with a Shimadzu FTIR-8400 spectrometer as KBr pellets
or as CH3CN solutions (100 m). 1H and/or {1H,1H} COSY NMR
spectra of paramagnetic NiII, CoII, and FeII complexes were re-
corded in dry CD3CN with a Bruker ARX-400 spectrometer.
Chemical shifts (in ppm) are referenced to the residual solvent peak
in CD3CN [1H: δ = 1.94 (quint) ppm]. The chelate ligand bmppa
{N,N-bis(2-methylthio)ethyl-N-[(6-pivaloylamido-2-pyridyl)methyl]
amine} was prepared as previously reported.[26] Caution! Perchlo-
rate salts of metal complexes with organic ligands are potentially
explosive. These compounds should be handled in small quantities
and with extreme caution, especially in the solid state.[27]

[(bmppa)Ni(CH3CN)](ClO4)2 (1): Ni(ClO4)2·6H2O (0.0395 g,
0.108 mmol) dissolved in methanol (2 mL) was added to a solution
of bmppa (0.0384 g, 0.108 mmol) in methanol (2 mL). The re-
sulting purple solution was stirred at room temperature for ca.
30 min. Addition of excess of diethyl ether (ca. 60 mL) to the reac-
tion mixture, followed by cooling at –15 °C for ca. 12 h resulted in
the deposition of a purple precipitate, which was isolated and dried
under vacuum. Recrystalization of this purple powder by diethyl
ether diffusion into CH3CN/CH3OH (1:1) at ambient temperature
yielded purple needle crystals (0.050 g, 70%). FTIR (KBr): ν̃ =
3336 (νN–H), 1649, 1617, 1530, 1457, 1427, 1169, 1103, 1080 (νClO4),
796, 623 (νClO4) cm–1. FTIR (CH3CN, 100 m, 1700–1550 cm–1 re-
gion): ν̃ = 1653, 1620 cm–1. C19H32Cl2N4NiO9S2 (652.03): calcd. C
34.97, H 4.95, N 8.59; found C 35.15, H 4.95, N 8.65.

[(bmppa)Co(CH3CN)](ClO4)2 (2): This complex was prepared in an
identical manner to 1. Deep pink blocks suitable for X-ray diffrac-
tion studies were obtained from CH3CN/Et2O (0.044 g, 65%).
FTIR (KBr): ν̃ = 3318 (νN–H), 1635, 1612, 1528, 1452, 1422, 1099
(νClO4), 791, 619 (νClO4) cm–1. FTIR (CH3CN, 100 m, 1700–
1550 cm–1 region): ν̃ = 1653, 1648, 1619 cm–1. C19H32Cl2CoN4O9S2

(653.03): calcd. C 34.91, H 4.94, N 8.58; found C 34.89, H 4.83, N
8.36.



G. K. Ingle, M. M. Makowska-Grzyka, A. M. Arif, L. M. BerreauFULL PAPER
[(bmppa)Fe(CH3CN)](ClO4)2 (3): Prepared in an identical manner
to 1. Recrystalization of the initially isolated yellow solid from
CH3CN/Et2O yielded green needle crystals suitable for single-crys-
tal X-ray diffraction (0.043 g, 65%). FTIR (KBr): ν̃ = 3325 (br.,
νN–H), 1633, 1612, 1531, 1455, 1428, 1081 (νClO4), 796, 623 (νClO4)
cm–1. FTIR (CH3CN, 100 m, 1700–1550 cm–1 region): ν̃ = 1636,
1619 cm–1. C19H32Cl2FeN4O9S2 (650.03): calcd. C 35.08, H 4.96, N
8.62; found C 34.82, H 4.95, N 8.60.

[(bmppa–)Ni]ClO4 (4): Me4NOH·5H2O (0.022 g, 0.12 mmol) dis-
solved in methanol (2 mL) was added to a solution of 1 (0.080 g,
0.12 mmol) in acetonitrile (3 mL). The purple solution turned a
light purple/lavender color upon the addition of the base. The re-
sulting reaction mixture was stirred under nitrogen for ca. 4 h. The
solvent was then evaporated under reduced pressure. The remaining
solid was dissolved in CH2Cl2 and filtered through a Celite/glass
wool plug. The filtrate was concentrated under vacuum to obtain
a pale purple oil. This purple oil was dissolved in a minimal
amount of methanol, and the product was precipitated using an
excess of diethyl ether. Upon cooling to –15 °C for ca. 48–72 h,
flaky purple crystals were formed in the solution. The solvent was
decanted and the product dried under reduced pressure (0.017 g,
28%). FTIR (KBr): ν̃ = 3400 (νO–H), 1618, 1605, 1567, 1489, 1447,
1419, 1107 (νClO4), 911, 805, 623 (νClO4) cm–1. C17H28ClN3NiO5S2

(512.69): calcd. C 39.92, H 5.52, N 8.22; found C 39.65, H 5.94, N
8.40.

[(bmppa–)Co]ClO4·H2O (5): Me4NOH·5H2O (0.036 g, 0.20 mmol)
dissolved in methanol (2 mL) was added to a solution of 2 (0.13 g,
0.20 mmol) in methanol (3 mL) . The red solution of the cobalt
complex turned dark brown upon addition of the base. The re-
sulting reaction mixture was stirred under nitrogen for ca. 6 h. The
solvent was then evaporated under reduced pressure. The remaining
solid was dissolved in CH2Cl2 and filtered through a Celite/glass
wool plug, The filtrate was concentrated under vacuum to obtain
a dark brown oil. This brown oil was dissolved in a minimal
amount of acetonitrile and the product precipitated using excess
diethyl ether. Upon cooling at –15 °C for 48 h, small dark brown
crystals were formed in the solution. The solvent was decanted off
and the product dried under reduced pressure to obtain a dark
brown powder (0.066 g, 64%). FTIR (KBr): ν̃ = 3433 (br., νO–H),
1653, 1617, 1570, 1559, 1457, 1419, 1101 (br., νClO4), 806, 624
(νClO4) cm–1. C17H28ClCoN3O5S2 (512.93): calcd. C 39.84, H 5.51,
N 8.20; found C 38.21, H 5.28, N 8.19. Trace H2O (ca. 1.0 equiv.)
was present in the elemental analysis sample as indicated by an
FTIR spectrum. Inclusion of this water in the calculated values
produced a more satisfactory fit to the experimentally determined
data. C17H28N3O5S2ClCo·H2O (530.06): calcd. C 38.49, H 5.70, N
7.93; found C 38.21, H 5.28, N 8.19.

Reaction of 3 with Me4NOH·5H2O: Fe(ClO4)2·6H2O (0.077 g,
0.22 mmol) dissolved in methanol (ca. 2 mL) was added to a solu-
tion of bmppa (0.077 g, 0.22 mmol) in methanol (ca. 2 mL). The
resulting yellow solution was stirred under nitrogen for ca. 30 min.
To this solution was added Me4NOH·5H2O (0.039 g, 0.22 mmol)
dissolved in methanol (ca. 2 mL). This addition resulted in the im-
mediate deposition of a green precipitate. The reaction mixture was
stirred overnight, after which time the solvent was removed under
reduced pressure, which yielded a yellow-green solid. Addition of
CH2Cl2 produced a yellow solution, which was carefully transfer-
red to another flask, and the remaining green solid was dried under
vacuum. The green solid was washed with diethyl ether (3�2 mL),
and the wash solutions were combined with the CH2Cl2 fraction
and dried, which left a viscous yellow oil. The 1H NMR features
of this oil are consistent with those of the bmppa ligand (0.060 g,
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78%). The green solid contains Me4NClO4, as determined by IR
spectroscopy, and unidentified iron species.

Heating of 4 in MeOH: Me4NOH·5H2O (0.03 g, 0.16 mmol) dis-
solved in methanol (5 mL) was added to a solution of 1 (0.11 g,
0.16 mmol) in methanol (15 mL) and acetonitrile (5 mL). This pro-
duced a color change from purple to reddish purple, consistent with
the formation of 4. The reaction mixture was then heated at 50 °C
under nitrogen for 5 d. After cooling to room temperature,
Na2EDTA (0.12 g, 0.33 mmol) dissolved in water (15 mL) was
added. The pH of the solution was adjusted to 11 with aqueous
NaOH, and the solution was stirred at room temperature for ca.
2 h. This aqueous solution was then extracted with CH2Cl2
(3�50 mL). The organic fractions were combined, dried with
Na2SO4, and the solvents evaporated to dryness, which resulted in
the isolation of a yellow oily product. 1H NMR analysis of this oil
indicated the isolation of unaltered bmppa ligand in quantitative
yield.

Heating of 5 in MeOH: Complex 2 was generated in situ by com-
bining methanol/acetonitrile (ca. 1:1) solutions of Co(ClO4)2·6H2O
(0.099 g, 0.25 mmol) and bmppa (0.088 g, 0.25 mmol). The re-
sulting red solution of 2 was stirred under nitrogen for ca. 30 min.
To this solution Me4NOH·5H2O (0.049 g, 0.25 mmol) dissolved in
methanol (5 mL) was added. This produced a color change from
red to dark brown, consistent with the formation of 5. The reaction
mixture was stirred at 50 °C under nitrogen for 5 d. The reaction
mixture was then cooled to room temperature and Na2EDTA
(0.65 g, 1.74 mmol) dissolved in water (ca. 15 mL) added. The pH
of the solution was adjusted to 11 with aqueous NaOH and the
resulting mixture stirred at room temperature for ca. 2 h. The solu-
tion was extracted with CH2Cl2. All the organic fractions were col-
lected, dried with Na2SO4, and the solvents evaporated to dryness
to yield a brown oil. The 1H NMR spectrum of this brown oil
indicated the formation of two major products and one minor
product in the reaction mixture. The first major product was N,N-
bis-2-(methylthio)ethyl-N-[(6-amino-2-pyridyl)methyl]amine (bmapa)
(ca. 50%). The second major product was unaltered bmppa ligand
(43%). The third minor product obtained was N-(6-formylpyridin-
2-yl)-2,2-dimethylpropanamide[22] (ca. 7%). 1H NMR (CD3CN,
400 MHz): δ = 9.87 (s, 1 H), 8.5 (br., NH), 8.41 (d, 1 H), 7.95 (t,
1 H), 7.66 (d, 1 H), 1.28 (s, 9 H) ppm. GC-MS: m/z (%) = 206 (9)
[M + H]+.

X-ray Crystallography: Single crystals of 2 and 3 were mounted on
glass fibers with traces of viscous oil and then transferred to a
NoniusKappaCD diffractometer with Mo-Kα radiation (λ =
0.71073 Å) for data collection at 200(1) K. Ten frames of data were
collected with an oscillation range of 1 °/frame and an exposure
time of 20 s/frame. Indexing and unit-cell refinement based on all
observed reflections from those ten frames indicated a monoclinic
P lattice for both complexes. A total of 16639 reflections for 2 and
11278 reflections for 3 were indexed, integrated, and corrected for
Lorentz, polarization and absorption effects using DENZO-SMN
and SCALEPAC.[28] The structures were solved by a combination
of direct and heavy-atom methods using SIR 97.[29] All non-hydro-
gen atoms were refined with anisotropic displacement coefficients.
For 2 all hydrogen atoms except the amide hydrogen atom were
assigned isotropic displacement coefficients U(H) = 1.2 U(C) or
1.5 U(Cmethyl) and their coordinates were allowed to ride on their
respective carbon atoms using SHELXL97.[30] The amide hydrogen
atom of 2 and all the hydrogen atoms of 3 were located and refined
independently. Complexes 2 and 3 crystallized in the space group
P21/c. Additional details of the X-ray data collection and refine-
ment are given in Table 4. CCDC-648591 (for 2), and -648592 (for
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3) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Table 4. Summary of X-ray data collection and refinement.[a]

2 3

Empirical formula C19H32Cl2CoN4O9S2 C19H32Cl2FeN4O9S2

Formula mass 654.44 651.36
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a [Å] 18.4261(7) 18.3663(3)
b [Å] 7.81940(10) 7.8281(1)
c [Å] 20.7120(8) 20.5577(4)
α [°] 90.0 90.0
β [°] 111.9960(11) 112.242(1)
γ [°] 90.0 90.0
V [Å3] 2766.99(15) 2735.73(8)
Z 4 4
Density (calcd.) [Mg·m–3] 1.571 1.581
T [K] 200(1) 200(1)
Crystal size [mm] 0.30 � 0.23 � 0.15 0.25 � 0.21 � 0.11
Diffractometer Nonius KappaCCD Nonius KappaCCD
Absorption coefficient [mm–1] 1.018 0.953
2θmax [°] 67.44 54.96
Completeness to 2θ (%) 85.7 99.3
Reflections collected 16639 11278
Independent reflections 9472 6227
Variable parameters 339 462
R1/wR2

[b] 0.0481/0.1182 0.0498/0.1155
Goodness-of-fit (F2) 1.030 1.029
Largest difference [e Å–3] 0.854/–0.474 1.047/–0.864

[a] Radiation used: Mo-Kα (λ = 0.71073 Å). [b] R1 = ∑ ||Fo| – |Fc||/
∑|Fo|; wR2 = {∑[w(Fo

2 – Fc
2)2]/[∑(Fo

2)2]}1/2 where w = 1/[σ2(Fo
2) +

(aP)2 + bP].
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