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Abstract: A five-coordinate Ni(l) macrocyclic complexR(SR,S)-[Ni(L)(NHC(OH)CH)]CIO4, whereL is 1,3,6,8,
12,15-hexaazatricyclo[13.3.2:3icosane, has been prepared by the reduction of Ni(ll) comp®R, $,9)-[Ni(L)]-
(ClOy)2-%,H,0 with Na(Hg) in MeCN under a nitrogen atmosphere. In the formation of the complex, the solvent
MeCN was hydrated to acetamide and coordinated to the Ni(l) ion. The complex shows rhombic EPR spectra with
the powder sample or in the frozen MeCN solution. It equilibrates with four-coordiRBeS(S)-[Ni(L)]* in MeCN.
[Ni(L)(NHC(OH)CH)]CIO4 (NiC1gH3sN7OsCl) crystallizes in the orthorhombic space grdeipcawith a = 10.053(5)

A, b=14.120(3) A,c = 31.005(3) A, andZ = 8. The structure was solved by the direct method and refindl to
values ofR; = 0.0500 andvR, = 0.0983 for 2153 unique reflections measured with Mo tadiation on a CAD-4
diffractometer. The Ni(l) ion of the complex has square-pyramidal geometry with an acetamide coordinating in the
iminol form at the apical position. The complex shows two sets efM{imacrocycle) bond distances: 2.092(3) A

(av) for Ni—N(sec) and 2.135(3) A (av) for NiN(tert), which are significantly longer than those of the square-
planar Ni(l) complex RR,S9-[Ni(L)]ClOs. The Ni-N(iminol) bond distance is 1.969(5) A. The three bonds of
Ni—N—C—0 involving an iminol group have multiple bonding character.

Introduction

Recently, Ni(I) macrocyclic complexes have attracted con-
siderable attention. This is because Ni(l) species were propose
to be involved in the electrochemical reduction of £8 and
alkyl halides?~19 which was catalyzed by Ni(ll) tetraaza
macrocyclic complexes. Furthermoregé a Ni(ll) hydrocor-
phinoid complex, is a prosthetic group 8fmethyl coenzyme
M reductase which catalyzes the reductive cleavageroéthyl

coenzyme M to coenzyme M and methane in the final stage of

carbon dioxide reduction in the methanogenic bactérit.An
EPR signal detected witklethanobacterium thermoautotrophi-
cum was attributed to a Ni(l) form of J in intact active
enzymet>1® However, only a few X-ray crystal structures of

Ni(I) complexes with macrocyclic ligané&2° or porphyrin
analogue® have been reported so far, and thus the structures

Oof Ni(l) complexes have not been well documented. All Ni(l)

macrocyclic complexes whose structures have been determined
so far are four-coordinate and show two different sets efMNli
bond distances wiffi1® or withouf®20 an expansion of the
macrocyclic core compared with the parent Ni(ll) species. The
results are in good agreement with the EXAFS data of Ni(l)-
F43¢2 and Ni(l) hydroporphyring2=25 although the distortion
of the macrocyclic core in the Ni(l) species has not been
properly explained yet. Furthermore, there has been no report
on the X-ray crystal structures of five-coordinate Ni(I) com-
plexes yet.

The nitrile hydration and the coordination chemistry of the
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analyses were performed by Galbraith Laboratories, Tennessee. Mag-
netic susceptibility was measured by the NMR metfiah a VXR-
200S FT-200 MHz NMR spectrometer.

Synthesis. Safety Note. Caution! Perchlorate salts of metal
complexes with organic ligands are potentially explosive. Only small
amounts of material should be prepared, and these should be handled
with great care.

(RSR,S)-[Ni(L)(NHC(OH)CH 3)]CIO4. Method 1. (RRSS)-[Ni-
(L)I(ClO4)2*%,H0 (2 g)652was stirred with Na(Hg) for 20 min in

coordination mode of amide has been known to depend on theMECN (50 mL) under a nitrogen atmosphere. The orange Ni(ll)

acidity of the medium and the type and oxidation state of the

metal ion. The complexes of O-bonded amifie’* anionic
N-bonded amidaté&—3° N-bonded amidé%42 and N-bonded
iminol*344 have been reported.

complex went into a deep blue solution. The solution was filtered,
concentrated to ca. half of the initial volume, and then allowed to stand
in a refrigerator for 710 days, during which time the solution turned
green and green crystals formed. The green crystals were filtered,
washed with MeCN, and drieith vacua Yield: ca. 70%.

Here, we report the synthesis, properties, and structure of a Method 2. To the blue MeCN solution 0 R,SS)-[Ni(L)]ClO4820
five-coordinate Ni(l) macrocyclic complex coordinating aceta- was added an MeCN solution of acetamide (als&#N2 mol/mol). The

mide in the iminol form, RSR,S)-[Ni(L)(NHC(OH)CH)]CIOs,,
wherelL is 1,3,6,8,12,15-hexaazatricyclo[13.383icosane.

solution was allowed to stand at room temperature for 3 days, during
which time the solution turned green and green crystals formed. The

This paper is significant in several respects: (i) it presents the crystals were washed with MeCN and driedvacua Yield: ca. 80%.

first X-ray crystal structure of a five-coordinate Ni(l) macro-
cyclic complex, (ii) it gives the first example of acetamide
coordination to a low-valent metal ion, binding through the N

Anal. Calcd for [Ni(G4HsoNe)(CHsCONH,)ICIO,: C, 38.46; H, 7.06;
N, 19.62. Found: C, 38.88; H, 7.07; N, 19.76. IR (&n »(OH)
3345;v[NH(amide)] 3310[NH(mac)] 3200;»(C=0,C=N) 1598 (vs).
UV/vis (nm, with added acetamide in MeCN): 645 53 cnt M™);

atom of iminol, and (jii) it provides an example of the hydration 44, € =120 cnT! M-1). EPR: g, = 2.287,0, = 2.183,gs = 2.035

of nitrile. The configurational isomers for [Ni)]"" are shown
in Chart 1 for clarity.

Experimental Section

General Procedures. As the Ni(l) complexes are air-sensitive, all
preparation, experiments, and manipulations have to be conducted unde

strict exclusion of air by using a Schlenk line and tubes.

Reagents. All solvents and reagents were purified according to the
literature®> Nitrogen gas was purified by passing it through a BASF
column and a Cagkolumn. Solvents were deaerated thoroughly prior

to use. RRS9-[Ni"(L)](ClO4)2-%-H0% and RRSS-[Ni'(L)]-

for the powder sample at room temperatuge= 2.264,g, = 2.169,
gs = 2.027 in MeCN at 77 K.ues (by the NMR method}? 1.46 ug.*”
(RR,S,9)-[Ni(L)(NHC(OH)CH 3)]CIO4. (RRSS-[Ni(L)](CIO4):
1,H,0 (3 g)¢ was stirred with Na(Hg) for 20 min in MeCN (35 mL)
under a nitrogen atmosphere. When the orange Ni(ll) complex
gissolved, a deep blue solution formed. The solution was filtered, and
acetamide (0.5 g) dissolved in MeCN (15 mL) was added. The solution
was concentrated to ca. half of the initial volume and then allowed to
stand for 5 h, during which time pale blue crystals formed from the
blue solution. The crystals were filtered, washed with MeCN, and dried
in vacua The complex was recrystallized in MeCN. Yield: ca. 70%.
Anal. Calcd for [Ni(G4H3oNs)(CHsCONH,)]CIOs: C, 38.46; H, 7.06;

ClO4'82were prepared according to the literature procedures previously N, 10.62. Found: C, 38.50; H, 7.24; N, 19.87. IR (&) »(OH)

reported.

3330;v[NH(amide)] 3275p[NH(mac)] 3150, 3060¢(CO, C=N) 1670,

Measurements. Infrared spectra were recorded with a JASCO IR 15g5 Uyjvis (nm, in MeCN saturated with acetamide): 588

810 spectrophotometer. Electronic absorption spectra were obtained; 14 cpr1 M-1); 357 ( = 280 cntl M

1. EPR (powder sample at

on a Shimadzu UV-260 spectrophotometer. Electron spin resonance o, temperature)g, = 2.245,g- = 2.064.

spectra were recorded on a Bruker ER 200E spectrometer. Elemental
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(R,SR,9)-[Ni(L)](CIO 4).. Method 1. Green RSRS-[Ni(L)-
(NHC(OH)CH)]CIO4 was dissolved in water or in MeCN with a trace
amount of added HCIQin the air. The solution turned red, to which
a saturated MeCN solution of LICKLICIO4/Ni' = 1 mol/mol) was
added. Red crystals formed from the solution, which were filtered,
washed with water, and drigd vacua Yield: ca. 90%.

Method 2. Green RSR,S-[Ni(L)(NHC(OH)CH)]CIO4 was dis-
solved in MeCN under a nitrogen atmosphere, and dry oxygen gas
was bubbled through the solution for 1 h. The solution was allowed
to stand at room temperature until it turned brown. A saturated MeCN
solution of LiCIO, (LICIO4/Ni' = 1 mol/mol) was added, and red
crystals formed, which were filtered, washed with MeCN, and dined
vacua Yield: ca. 80%. Anal Calcd. C, 31.14; H, 5.60; N, 15.56.
Found: C, 31.22; H, 5.40; N, 15.57. IR (ctx »(NH), 3210, 3250,
3300;7(ClO47), 1100. UV/vis (nm): 4904 = 107 cnt* M) in H.O;

496 (€ = 106 cnT! M%) in MeCN; 489 € = 116 cnT! M%) in MeNO,.
3C NMR (9, ppm, in CBNOy): 24.7, 48.2, 48.5, 56.5, 58.2, 70.9,
74.7.

X-ray Crystallography. A green crystal with approximate dimen-
sions of 0.2x 0.2 x 0.3 mm was sealed in a glass capillary under a
nitrogen atmosphere. All X-ray data were collected at room temperature
using graphite-monochromated MaxKadiation on an Enraf-Nonius
CAD4 diffractometer. The crystallographic data collection and refine-
ment details are summarized in Table 1. The orientation matrix and
unit cell parameters were determined from 25 machine-centered

(47) Evans, D. FJ. Chem Soc 1959 2003. The magnetic susceptibility
was measured with an MeCN solution. The valuewgf is smaller than
the expected 1.73g for the & system, which may be due to the
experimental error. The error might come from the oxidation of the Ni(l)
complex to diamagnetic [Ni()]2" and/or the inaccuracy of the concentration
of the Ni(l) complex.
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Table 1. Crystal Data and Data Collection for
(RSR 9-[Ni(C14H30Ne)(NHC(OH)CHs)]CIO,

formula GieH3aN7OsCINi g, mn? 1.046
FW 498.67 ? range, deg 350
crystal system orthorhombic  no. of data collcd 2153
space group Pbca no. of unique data (all) 2153

a, 10.053(5) no. of obsd dat& [> 40(F)] 2025
b, A 14.120(3) no. of variable params 408
¢ A 31.005(3) Re (all data) 0.0500
v, A3 4401.1(24) WR(F?) (all data) 0.0983
z 8 GOF (all data) 1.104
peals g €T3 1.508 (OO)max 0.095
temp, K 293 (2) largest diff peaks, €A  0.323
A A 0.71073

2R = J|IFol — IFcll/Z|Fol. ® WRIF?) = [SW(Fo* — F)/ Y W(Fs?)7]

wherew = 1/[0%(Fo?) + (0.0493)? + 1.7053] andP = (F,? + 2F2)/
3.

Table 2. Selected Bond Distances (A) and Angles (deg) for
(RSR,9-[Ni(C14H30Ne)(NHC(OH)CHs)]CIO4

Ni—N3 2.099(4)  Nt-Cl4 1.401(9)
Ni—N6 2.081(5)  NEC2 1.429(8)
Ni—N10 2.151(4)  NC17 1.464(9)
Ni—N13 2.119(4)  N8-C7 1.435(7)
Ni—N24 1.969(5)  N8C9 1.420(8)
C22-023 1.242(7)  N8&C18 1.459(8)
C22-N24 1.314(7)  c22C21 1.528(9)
N24—Ni—N6 109.9(2)  023C22-N24  122.8(5)
N24—Ni—N3 94.9(2) 023C22-C21  119.0(6)
N24-Ni—-N13  105.7(2)  N24C22-C21  118.2(6)
N6—Ni—N3 83.5(2) C22-N24—Ni 124.6(4)
N6—Ni—N13 144.4(22)  Cl4N1-C2 115.1(6)
N3—Ni—N13 93.1(2) C14N1-C17 112.1(6)
N24-Ni—-N10  94.8(2) C2N1-C17 117.4(6)
N6—Ni—N10 92.6(2) C9-N8-C7 116.3(6)
N3—Ni—N10 170.3(2)  C9N8—C18 112.8(6)
N13-Ni—-N10  84.9(2) C7N8-C18 116.1(6)

reflections with 18 < 26 < 22°. Axial photographs were used to
verify the unit cell choice. Data were corrected for Lorentz and
polarization effects. An empirical absorption correction was apgfied.
All calculations were carried out on a personal computer with use of
SHELXS-86° and SHELXL-93° programs. The structure was solved
by the direct metho8: All non-hydrogen atoms were refined aniso-
tropically. All hydrogen atoms were located from the difference Fourier

map, and their positional and isotropic displacement parameters excep

those for the hydroxyl hydrogen (H23) were refined. H23 was found
from the difference Fourier map, but the isotropic displacement
parameter was not refined satisfactorily. Therefore, the torsion angle
was refined by the circular difference Fourier using the SHELXL93
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correction?® the N-bonded acetamide complex givesR{R) value of
0.098.

Measurement of Equilibrium between R,R,S,S)-[Ni(L)] © and
(R,R,S,9)-[Ni(L)(CH sCONHy)]*. The UV/vis spectra were measured
for a MeCN solution of RRSS-[Ni(L)]CIOs by adding various
amounts of a MeCN solution of acetamide under the strict exclusion
of air. The concentrations of [Ni(]™ and acetamide were 80104
to 1.4 x 103 M and 0.0170.27 M, respectively.

Results

Synthesis. The reduction of the yellow square-planar Ni(ll)
complex RR,S9-[Ni(L)]I(ClO4)2+Y-H,0 with Na(Hg) in MeCN
produced a blue solution from which square-plafRR(SS)-
[Ni(L)]ClIO,4 was isolated®20 When the blue MeCN solution
of (RR,S9-[Ni(L)]CIO4 was allowed to stand for several days
under nitrogen, the color of the solution turned green. From
the solution green five-coordinate Ni(l) acetamide complex
(RSR9-[Ni(L)(CHsCONH,)]CIO, was isolated. In this reac-
tion, MeCN was hydrated by OHion, which was produced
by the reaction between Na(Hg) and the lattice water contained
in the starting Ni(ll) complex. Exactly the same compound was
obtained when a MeCN solution of acetamide (aa) was added
to a MeCN solution of blueR,R,SS)-[Ni(L)]CIO4 (aa/Ni = 2
mol/mol), and then the mixture was allowed to stand at room
temperature for 3 days. However, the parent Ni(ll) complex
(RR,S9-[Ni(L)](ClO4),+Y,H,0% or its configurational isomer
(RSR,9-[Ni(L)](ClO4)2>? did not react with acetamide either
in the absence or in the presence of N&t BuLi (mole/mole
ratio; Ni(ll)/aa/base= 1/50/50), which was confirmed by the
measurement of UV/vis spectra. This is in contrast to the fact
that the oxygen-bonded or anionic nitrogen-bonded amide and
urea complexes of 2 or 3+ metal ions including [Ni(HO).-
(acetamidg]Cl, were synthesized previously by the addition
of amide without any added ba&¥30.3343.44.53 On the other
hand, when the MeCN solution of the Ni(l) compldXR,SS)-
[Ni(L)]CIO4 and that of acetamide were mixed, a pale blue
acetamide adduct was produced. IR, UVlvis, EPR, and the
results of elemental analysis (see the Experimental Section)
indicate it to be R,R,SS)-[Ni(L)(CHsCONH,)]CIO4, which is
a macrocyclic configurational isomer of the green complex,
although the bonding mode of acetamide is still less clear since

the crystal structure has not been determined yet.

Crystal Structure of Five-Coordinate Ni(l) Complex
(R,SR,9)-[Ni(L)(NHC(OH)CH 3)]CIO4. An ORTEP plot of
the cation in the green complex [M)(NHC(OH)CH)]CIO4
is presented in Figure 1. The Ni(l) ion forms a square-pyramidal

HFIX147 option. Selected bond distances and bond angles are showngeometry, with the Ni(l) ion being 0.411(2) A out of the square-

in Table 2.
The data were refined for both N-coordinated and O-coordinated

coordination plane toward acetamide. The two 1,3-diazacy-
clohexane subring moieties of the macrocycle are situated to

acetamide complexes, and assignment of N and O atoms of acetamide¢he direction of the apical ligand, resulting in &SRS

was based on the comparison of the results of the final difference
Fourier maps for the two possible structures. The refinement with the
isotropic model for the non-hydrogen atoms without absorption
correction givesR(F) = 0.1215 andR(F?) = 0.2977 for the O-
coordinated acetamide complex aR(@) = 0.1205 andR(F?) = 0.2957

for the N-coordinated acetamide complex. The difference Fourier maps
are reasonably good for the N-bonded acetamide complex while the
O-bound acetamide complex shows peaks+@.7 and—0.7 e/&
around the N atom and O atom, respectively. With the absorption

(48) Parkin, S.; Bahman, N.; Hope, H. Appl. Crystallogr. 1995 28,
53.

(49) Sheldrick, G. MActa Crystallogr 1990 A46, 467.

(50) Sheldrick, G. MSHELXL-93; University of Cambridge: Cambridge,
England, 1993.

(51) (a) Beurkens, P. T.; Noordick, J. Acta Crystallogr 1971 A27,
187. (b) Beurkens, P. T.; Admiral, G.; Beukens, G.; Bosman, W. P.; Garcia-
Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. The DIRDIF
Program System. Technical Report; Crystallography Laboratory, University
of Nijmegen: Nijmegen, The Netherlands, 1992.

configuration, while the starting square-planar Niland the
corresponding square-planar Ni(l) comple’®®¢8 have the
RR,SS-configuration. The dihedral angles between each six-
membered diaza subring planes and the square coordination
plane are 100.4(2)and 112.4(2). The complex shows two
sets of Ni=-N(macrocycle) bond distances differentiated by the
secondary and tertiary nitrogen donors; 2.092(3) A (av) for Ni
N(sec) and 2.135(3) A (av) for NiN(tert). These are signifi-
cantly longer than 1.951 A (av) for the parent Ni(ll) comgifex
and 1.878(4) and 1.978(3) A for the square-planar Ni(l) complex
of L.1820 Two sets of Ni-N bond distances have been
commonly observed for all Ni(I) macrocyclic complexes in a
square-planar geometty:2° The N-N bite distances are
2.783(7) and 2.883(6) A for the five-membered chelate rings

(52) Suh, M. P.; Lee, D.; Shin, W. C. Manuscript in preparation.
(53) Brown, D. B.; Burbank, R. D.; Robin, M. Bl. Am Chem Soc
1969 91, 2895.
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Figure 1. ORTEP drawing of the cation inrRSR,S-[Ni(L)(NHC-
(OH)CH)]CIO4 showing the atomic labeling scheme. The atoms are
represented by 30% probable thermal ellipsoids.

and 3.059(7) and 3.063(6) A for the six-membered chelate rings.
The C-N bond distances involving uncoordinated bridgehead
tertiary amines N1 and N8, ranging from 1.401(9) to 1.464(9)
A [average 1.435(3) A], are shorter than normal aliphatie\C
bond distances (1.52 A). The bond angles involving N1 and
N8 are 112-117. These indicate a significant contribution of
sp? hybridization in the uncoordinated tertiary nitrogens. Similar
shortening of the €N bond distances involving uncoordinated
tertiary nitrogens was also observed for [INCIO42° and [Ni-
(L)I(ClO4)2+Y,H,0 .46

The bonding mode of acetamide, that is, nitrogen versus
oxygen binding, was determined by the comparison of the final
difference Fourier maps. The N-bonded structure shows lower
R values and a better difference Fourier map. One hydrogen
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Properties and Spectra. The green complex],SR,S)-[Ni-
(L)Y(NHC(OH)CH)ICIO, is oxygen-sensitive. As the green
crystal was placed in the bottle filled with dry oxygen, it turned
red in color. In addition, when the green MeCN solution of
the compound was bubbled with dry oxygen or allowed to stand
in air, it turned brown-red. From the solution a red Ni(ll)
complex was isolated, whose X-ray crystal structure indicates
it to be RSR,9-[Ni(L)](ClOy)2, a configurational isomer of
the starting orange compléx. UV/vis spectra showing the
oxygen sensitivity of the complex are presented in Figure S1
of the supporting information. When the complex was dissolved
in degassed water under a nitrogen atmosphere, a redox reaction
occurred between them and the red precipitate of the Ni(ll)
complex and hydrogen gas bubbles were produced.

The green complex R,.SR,S)-[Ni(L)(NHC(OH)CH;]CIO4
shows a rhombic EPR spectrummgy & 2.287,9, = 2.183, and
03 = 2.035 for the powder sample at room temperature@nd
= 2.264,9, = 2.169, andg; = 2.027 for the frozen MeCN
solution at 77 K) (Figure 2), demonstrating th& electronic
state of five-coordinate nické#:>5-57

The infrared spectrum of the complex (Figure S2 of the
supporting information) showg(NH) of secondary nitrogens
of the macrocycle at 3200 crh and v(OH), »(NH), and
v(CO,C=N) of the iminol at 3345, 3311, and 1598 chn

atom was located at N24 and another at 023 of acetamide from'€spectively. The(CO) value of 1598 cmt is lower than that

the difference Fourier map, indicating that acetamide binds the
Ni(l) ion in the iminol form. In addition, hydrogen-bonding
was found between the O atom of acetamide and H6-N6 of the
macrocycle: 028:N6, 3.031(7) A; 023:H6, 2.42(5) A;
0O23—H6—N6, 144(5y. Although two isomers of cis- and
trans-configuration are possible for the iminol complex with
respect to the positions of the hydroxyl group and nickel atom,
the complex has the cis-configuration, which may be attributed
to this hydrogen-bonding.

CHa_ HO

~
C=N C=N
HO” | cHy” |
Ni Ni
cis trans

The Ni—N(acetamide) bond distance is 1.969(5) A, which is
shorter than the equatorial NN bond distances although it is
significantly longer than the Ni#¥CO bond distance (1.80 A)
in [Ni(dieneN;)(CO)]CIOs” which was determined by the
EXAFS analysis. The bond distances of~O and C-N in
the acetamide moiety are 1.242(7) and 1.314(7) A, respectively.
These are significantly longer and shorter, respectively, than
the normal G0 (1.20 A) and &N (1.49 A) bond distances.
Compared with the €0 (1.233 A) and &N bond (1.333 A)
distances of free acetamiftethe C—O bond distance in the
present complex is 0.01 A longer and the-B bond distance
is 0.02 A shorter than those of free acetamide.

plane with a maximum deviation of 0.004 A, and the Ni atom
is located 0.574(11) A out of the plane: the five atoms C21,
C22, 023, N24, and Ni make a plane with a maximum deviation
of 0.2 A.

(54) Zobel, D.; Luger, P.; Dreissig, WActa Crystallogr 1992 B48 837.

of free acetamide (1694 crh,%® those of N-bonded neutral
amide (1716-1725 cn1?),*2 and those of O-bonded or anionic
N-bonded complexes (1591675 cnt?).31.32

The color and UV/vis spectrum of five-coordinaR$R,S)-
[Ni(L)(NHC(OH)CH)]ICIO,4 are similar to those of the five-
coordinate Ni(I)>CO complex [Ni(dieneBl)COJ".1955 The
electronic spectrum ofRSR,S)-[Ni(L)(NHC(OH)CH)]* de-
pends on the amount of added acetamide as well as the
temperature (Figure 3). The maximum absorption peaks of the
complex appear at 628 nra &€ 76 cntt M~1) and 389 nm{
= 140 cnt! M~1) in MeCN, which are 3439 nm longer
wavelengths compared with those of square-plaReR,§S)-
[Ni(L)]ClO48 (589 nm,e = 620 cn* M~%; 355 nm,e = 3020
cm~t M~Y) with remarkably decreased absorptivity. When
excess acetamide (0.22 M) is added to the MeCN solution of
the green complex (3.0% 1072 M), Amax Shifts to a 17 nm
longer wavelength with further decreased intensity;,x = 645
nm ( = 53 cntt M™1), 401 nm € = 120 cnt! M™Y.
Furthermore, as the temperature increases, the maximum
absorption of RSR,S-[Ni(L)(NHC(OH)CHs)]™ moves to a
shorter wavelength than 628 nm with increased intensity, and
a new very intense peak appears at 358 nm which corresponds
to the absorption maximum of four-coordinafR,S,S)-[Ni-
(L)]". The tendency of dissociation is increased as the
temperature is elevated. It is estimated from Figure 3 that
approximately 35% of the complex dissociates RRSS)-

. In addition, the [Nj(L)]+ at 80°C. The spectrum changes reversibly as the
four atoms C21, C22, 023, and N24 of acetamide make a perfect

(55) Gagne, R. R.; Ingle, D. Mnorg. Chem 1981, 20, 420.

(56) Chmielewski, P.; Grzeszczuk, M.; Latos-Grazynski, L.; Lisowski,
J. Inorg. Chem 1989 28, 3546.

(57) Stolzenberg, A. M.; Stershic, M. Thorg. Chem 1987, 19, 3083.

(58) Silverstein, R. M.; Bassler, G. C.; Morril, T. GSpectrometric
Identification of Organic Compounddth ed.; John Wiley & Sons, Inc.:
New York, 1981; p 125.
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Figure 2. EPR spectra off SR,9-[Ni(L)(NHC(OH)CH)]CIO4: (a)
powder sample at room temperature 9.775 GHz), (b) frozen MeCN
solution at 77 K ¢ = 9.293 GHz).

[ T T T T

250 300 400 700

Anm)
Figure 3. Electronic absorption spectra & &R 9-[Ni(L)(NHC(OH)-
CH;3)]CIO,4 (3.03 x 1072 M in MeCN) measured underN (1) 22°C,
(2) 48°C, (3) 63°C, (4) 74°C, (5) 80°C, (6) with added acetamide,
[aa] = 0.22 M, at 18°C.

solution is cooled. It is obvious that there exists an equilibrium
between five-coordinatd(SR,S)-[Ni(L)(NHC(OH)CH)] * and
four-coordinate R R,SS)-[Ni(L)]* in MeCN (eq 1).

+ _MeCN

=

(RSR9-[Ni(L)(NHC(OH)CH;,)]
green
RRS9-[Ni(L)]"
( de?p[bIL(Je)] + NH,COCH, (1)
Spectral Titration of the Four-Coordinate Ni(l) Complex
with Acetamide in MeCN. In order to examine the existence
of the equilibrium between four-coordinate and five-coordinate
Ni(l) complexes, acetamide was added to the MeCN solution
of (RR,S9-[Ni(L)]CIO4 (aa/NI = 100 mol/mol). Figure 4
shows titration curves exhibiting the spectral changes of
(RR,S9-[Ni(L)]" upon addition of acetamide. The spectrum
of (RR,S9-[Ni(L)]" changes immediately upon addition of
acetamide in a thermostated bath maintained atQ0 The

J. Am. Chem. Soc., Vol. 118, No. 4, 18D6

460 5(;0 6:)0 700 nm
A
Figure 4. Spectral titration of R,R,SS-[Ni(L)]CIO4 (1.41x 1073 M)
with acetamide (aa) in MeCN at ZC: (a) [aa]= 0 M, (b) [aa]=
0.106 M, (c) [aa}F 0.159 M, (d) [aa}= 0.212 M, (e) [aa}= 0.265 M.
(f) Spectrum of RSR,9-[Ni(L)(NHC(OH)CH)]CIO4 (1.4 x 1073 M)

in MeCN for comparison.

coordinate acetamide adduct is too small compared with that
of the four-coordinate complex, and the curves for the pure
components do not cross. The acetamide addR)®$%S)-[Ni-
(L)(CHsCONH,)]CIO, was isolated as a blue crystal although
it eventually results in the greddSR,S-isomer after an extended
period of time. The equilibrium constant of eq 2 and the
absorptivity of blue RR,SS)-[Ni(L)(CH3;CONH,)]* are esti-
mated from the titration spectra. The plot @fp VS (€app —
eni(y)/[CHsCONH;] according to eq 3 givek = 15.6 M and

(RRSS-[NI(L)]* + CH,CONH, ==
deep blue
(RRSS-INI(L)(CH,CONH,)T* ()
blue

€app— (—1KY (Eapp_ ENi(|))/[CH3CONH2]} * €nig)(aa) ©))

the limiting absorptivity ofe = 116 cntt M~ for (RR,S9-
[Ni(L)(CHgCONHZ)]+ at 20°C, Whereeapp ENi(l) s andeNi(D(aa)
indicate the molar absorptivities of the equilibrium mixture and
four-coordinate and five-coordinate Ni(l) acetamide complexes,
respectively. The estimated limiting absorptivity &R,S,S)-
[Ni(L)(CHsCONH,)]* is close to thatd = 114 cnr! M~1) of

the isolated R R,S9-Ni(l) acetamide complex measured in a
saturated MeCN solution of acetamide.

The reactions ofRf,R,S9-[Ni(L)]* with N-methylacetamide
(NMA) and with N,N-dimethylacetamide (DMA) were also
tested. A similar absorbance decreaseRiR(SS)-[Ni(L)] " in
UV/vis spectra was observed with NMA, but there was no
indication of a reaction with DMA. Probably steric hindrance
between the two methyl groups of DMA and the macrocyclic
ligand and/or the impossibility of DMA to form an iminol
structure prohibits the formation of a NitDMA complex.

Discussion

Formation of (R,S,R,S)-[Ni(L)(NHC(OH)CH 3)]ClO,4. The
formation of a green acetamide complex froRR,S,S)-[Ni-
(L)](ClO4)2+/,H,0 in MeCN involves reduction of nickel and
hydration of acetonitrile as well as changes in the coordination

spectral changes are associated only with the absorbance bugeometry from square-planar to square-pyramidal and the

not with the maximum wavelength. The intensitylatx (589
nm) of RRSS-[Ni(L)]* decreases as the amount of added

macrocyclic configuration frolRRSSto RSR,S The forma-
tion of (RSR,9-[Ni(L)(NHC(OH)CH)]* from (RR,S9-[Ni-

acetamide increases. The isosbestic points were not observedL)]* in MeCN is very slow as it takes several days to obtain

in the titration curves because the absorptivity of the five-

the green acetamide complex. The acetonitrile hydration by
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Scheme 1
[Ni'—NECCHg e Ni'—‘N:$—CH3 — Ni'——NH—ﬁ—CHg
OH
1 (@]
2 3
H* P + . +
— |Ni'— NH—ﬁ—CH3 — IN|I—NH:C(OH)CH3 I
+OH 5
4

OH~ ion, which is produced by the reaction between Na(Hg)
and the lattice water of the starting Ni(ll) complex, might be
promoted by the Ni(l) macrocyclic species. Hydration of nitrile
promoted by the transition metal complexes in thie @ 3+

oxidation state such as Ni(ll), Co(lll), and Rh(lll) has been well
known26.31.35-38,59-65 However, there has been no precedent
example of nitrile hydration promoted by a macrocyclic complex
or a low-valent metal complex. It has been known that nitriles

are quite resistant to hydrolysis, and the second-order rate

constant of OH-catalyzed MeCN hydration is 1.6 106 M1

s 136 Furthermore, the rate of hydration depends on the Lewis

acidity of the metal ion. For example, the rate of nitrile
hydration in [Ru(NH)sNCRJZ" is much slower than that in [Co-

(NH3)sNCR]J?*.88 It also has been reported that the isomeriza-
tion of the macrocycle in the Ni(l) complex is quite slow. It

takes several hours in the case of the Ni()TMC complex
although it is faster than in the corresponding Ni(ll) com-
plexes?1967 The slow formation of the acetamide complex in

Suh et al.

time. The isomerization from th& RSS to the RSRS
configuration in the Ni(l) acetamide complex may be extremely
slow at room temperature. It has been observed forl [N

that transformation from th& RSS to the R,SR,S-configu-
ration is too slow to be observed even at elevated temperature
while that ofR,SR,Sto R R,SSis relatively fast in the mixture

of MeCN and HO (1/10 v/v)52 There exists an equilibrium
between RSR,S)-[Ni(L)(NHC(OH)CH,)]CIO4 and RR S Y-
[Ni(L)]CIO4in MeCN as previously stated and shown in Figure
3. Since equilibrium exists betweeR R,S9-[Ni(L)]™ and
(RRSS)-[Ni(L)(CHsCONH,)]* with K = 15.6 M~ at 20°C

(eq 2), the whole equilibrium between deep bIRR S S)-[Ni-
(L)]* and greenR SR S)-[Ni(L)(NHC(OH)CHs)]* in MeCN

can be described as follows (eq 4): the addition of acetamide

K, =15.6 M-1, fast

(RRSS-[Ni(L)]" + CH,CONH,

deep blue
(RRSS-INI(L)(CH,CONH)] =
blue
(RSRY-[Ni(L)(NHC(OH)CH)]" (4)

green

followed by the configurational isomerization of the macrocycle.
A recent mechanistic stué&on the isomerization olR,SR,9-
[Ni(L)]?* to theRR,SS-complex in MeCN-H,0 reveals that
the isomerization occurs via the axial coordination of a water
molecule followed by the NiN bond breaking. In the present

the present study must be attributed to the slow hydration of complex, it is apparent that the axial acetamide ligand drives

MeCN promoted by the low-valent Ni(l) ion and to the fact
that the reaction involves the configurational isomerization of
the macrocycle.

the isomerization of the macrocycle. When the thermodynamic
parameters are estimated from Figure 3 on the basis of the
absorbance change of the green acetamide complex in MeCN,

The formation route of the acetamide complex from the S =KiK;=5.5x 10* M™%, K, =3500,AH = —12 kcal mof?,
hydration of MeCN is proposed in Scheme 1. The base- and AS = —19 cal Kt mol~! are obtained at 22C for the

catalyzed hydrolysis of the nitrile promoted by a metal ion
usually results in the anionic form of acetamiie31.36-38.43.44.65

whole equilibrium.
Bonding Mode of Acetamide. Amides and urea are known

The anionic amide complexes are protonated at various pH to coordinate 2- or 3+ metal ions such as Ni(IA? Co(lll),30.68.69

values depending on the types of metal ions and andfdfi8g1.65
preferentially at the oxygen ato?fi3%:68 The K, values reported
for [Pt(dienp)NHC(OH)MePE*, [Pt(dien}NH,CONMe]?*, and
[(NH3)sRU(NHC(OH)Ph)}* are 3.8, 5.6, and 8.0, respec-
tively.3941.43 Because the oxygen atom of iminol should be more
basic in the Ni(l) complex than in the Pt(ll) and Ru(ll)

Cr(l11), 7 Ru(1),3%71and Rh(Il1Y2 via the carbonyl oxygen or

the anionic nitrogen. However, it has been reported recently
that some Pt(Il) complexes coordinate amide in the iminol
form*344or in the NH-bonded neutral forrf? In this regard,

four possible structures may be proposed for the green acetamide
complex: 1, a Ni(I) complex with O-bonded acetamid@; a

complexes due to the lower oxidation state, the deprotonatedNi(Il) complex with a N-bonded anionic form of acetamid;

amide complex3 can be protonated at relatively high pH and
is able to exist as the iminol compléx

The R SR,9-Ni(l) green complex is assumed to be produced
via the formation of an RRSS-Ni(l) acetamide adduct
followed by the isomerization of the macrocycle to RER,S
configuration because th&RR S9-acetamide adduct forms
immediately upon the addition of acetamide to the four-
coordinate RR,S9-[Ni(L)]" and eventually changes to the
green RSR,9-acetamide complex after an extended period of

(59) Nolan, K. B.; Hay, R. WJ. Chem Soc, Dalton Trans 1974 915.

(60) Watanabe, K.; Komiya, S.; Suzuki, Bull. Chem Chem Soc Jpn
1973 46, 2792.

(61) Pinnell, D.; Wright, G. B.; Jordan, R. B. Am Chem Soc 1972
94, 6104.

(62) Breslow, R.; Fairweather, R.; Keava,JJAm Chem Soc 1967,
2136.

(63) Clark, C. R.; Hay, R. WJ. Chem Soc, Dalton Trans 1974 2148.

(64) Sargeson, A. M.; Buckingham, D. A. Am Chem Soc 1973 95,
5649.

(65) Kim, J. H.; Britten, J.; Chin, J. Am Chem Soc 1993 115 3618.

(66) Wilkinson, G.; Gillard, R. D.; McCleverty, J. AComprehensie
Coordination ChemistryPergamon Press: Oxford, 1987; Vol. 6, p 449.

(67) Moore, P.; Sachinidis, J.; Willey, G. R. Chem Soc, Chem
Commun 1983 522.

(68) Angel, R. L.; Fairlie, D. P.; Jackson, W. @Gorg. Chem 199Q 29,
20.

a Ni(l) complex with N-bonded neutral acetamide; @pd Ni-
(I complex with N-bonded iminol.

. +
[Ni-o=c(CHyNH,| [ Ni'—-NHCOCHs|*

1 2
OH

[Ni'—NHZCOCH3]+ [Ni'—NHZéCHg] :

3 4

Structurel is excluded unambiguously becauseRiyalues
in the crystallographic refinement and the difference Fourier
map are better for the N-bonded structure than for the O-bonded
one, (i) in all known O-bonded or anionic N-bonded acetamide
complexes, €0 bond distances are0.7 A shorter than EN
bond distance® If we assume an O-bonded structure for the
present complex, the-60 bond becomes longer than the-8
bond, (iii) hydrogen-bonding was found between the O atom

(69) Fairlie, D. P.;

(70) Curtis, N. J.;
1983 36, 1495.

(71) Fairlie, D. P.;

(72) Curtis, N. J.;
1983 105 5347.

Jackson, W. @Gnorg. Chim Acta 1988 150, 81.
Lawrance, G. A.; Sargeson, A. Must J. Chem

Taube, Hnorg. Chem 1985 24, 3199.
Dixson, N. E.; Sargeson, A. M.Am Chem Soc
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of acetamide and HENG6 in the present complex, and (iv) the
v(CO) value (1598 cmt) of acetamide in the present complex
is relatively low. For the O-bonded or anionic N-bonded amide
complexes with metal ions in thet2or 3+ oxidation state,
v(CO) values are reported to be 1591675 cnrt.31.32 |f Ni-

(I) is coordinated through O, the(CO) value of the Ni(l)

J. Am. Chem. Soc., Vol. 118, No. 4, 18®6

is greater than that of Il in the latter. The unambiguous example
of acetamide coordination in the iminol form is rare, and there
is only one crystal structure of the Pt(Il) iminol complex reported
so far#* In this complex, the €N bond is in the range 1.21
1.31 A which is even shorter than the-© bond (1.26-1.40

A), and the M-N—C bond angles are in the range 2B .44

complex should be significantly greater than those values as the Ni(l) ion in this study is more basic than the Pt(ll) ion,

because of weaker interaction between Ni(l) and O than M(ll)
or M(lll) and O.
Structure 2 is also excluded according to the following

arguments: (i) the compound is EPR active and oxygen-

sensitive, (i) the complex dissociates to four-coordinR®R,89)-
[Ni(L)]* in MeCN, (iii) the Ni(ll) complex does not react with

acetamide as evidenced by no spectral change in the UV/vis

spectrum when acetamide is added to [NJ{™ with theRRSS
or with R SR,S-configuration in the presence of Nf&ir LiBu,
and (iv) two peaks are observed around 338850 cnt? in
the IR spectrum which correspond #¢OH) andv(NH).

Structure3 is excluded although the neutral N-coordinated
amide complexes of the Cu(H§, Ni(ll),° and Pt(II}? were
reported previously. In these complexes;iEbond distances
are ca. 1.451.50 A which are ca. 0.2 A longer than that (1.22
A) of CO and the M-N—C angles are ca. 1331154042 The
present complex [EN, 1.314(7) A; G=0, 1.242(7) A; Ni-N—C,
124.6(4%] has a significantly shorter €N bond and larger
M—N—C angle compared with them. Furthermore, this com-
plex shows a(CO) value (1598 cm') which is significantly
lower than those 41710 cm!) of N-coordinated amide
complexeg%42 |t has been reported that Pt(ll) ion forms a
N-bonded neutral urea complex with MEONMe, while it
forms an iminol complex with acetamidé&:*3

Consequently, structurg the Ni(l) complex with the iminol

structure of acetamide is consistent with all spectroscopic results

and crystal structural data.
Structure of (R,S,R,S)-[Ni(L)(NHC(OH)CH 3)]CIO 4. Free
acetamide exists in resonance forms | and Il. The increase

it can donate morad electron density to the* orbital of the
iminol nitrogen. Therefore, the-€N bond distance increases
and the C-O bond distance decreases in the Ni(l) complex
compared with those in the Pt(ll) complex.

The complex RSR,S-[Ni(L)(NHC(OH)CH)]CIO,4 shows
two different sets of Ni-N bond distances: 2.092(3) A (av)
for Ni—N(sec) and 2.135(3) A (av) for NiN(tert). These are
significantly longer than those [1.878(4) and 1.978(33°Ajf
the four-coordinateR R,SS)-[Ni(L)]CIO4. All Ni(l) macrocy-
clic complexes including Ni(l)kso and Ni(l) hydroporphyrins
have two sets of NiN bond distance¥, 2% and the occurrence
of two sets of Ni-N bond distances in this five-coordinate Ni(l)
complex is consistent with the observations made with other
Ni(l) macrocyclic complexes. However, the origin of the
distortion of the macrocyclic core in Ni(l) complexes has not
been properly explained yet. It has been argued recently by
the comparison of the structures of Ni(I) and Cu(ll) OEIBC
complexes that it is not an electronic configuration efféct.

In summary, the soft and electron-rich Ni(l) macrocyclic
complex binds acetamide in the iminol form via the nitrogen
atom which is a softer and weakerdonor than oxygen,
although amides generally coordinate hard transition metal ions
in the 2+ or 3+ oxidation state via the carbonyl oxygen or the
anionic nitroger®.30:33,4951,53,68 Referring to the fact that soft
Pt(ll) metal also binds amide in iminol or N-bonded neutral
amide structures, it may be proposed that a polypeptide can

¢bind soft metal ions through the nitrogen atom without depro-

bond distance and the decreased stretching frequency of carbonyionation. The structure of the five-coordinate Ni(f) macrocyclic
in acetamide compared with other carbonyl groups with pure complex exhibits two sets of NiN bond distances, in accord

double-bond character originate from this resonance.
N-bonded iminol complexes of Ni(l), the analogues ayehd
Ilm. Since the iminol ligand has an empty orbital which
?,
NHZ—Q—CHg NH,—C—CH;
| 1
OH

|
Ni'-NH==C—CHs

+?|H
Ni'=~-NH—C~—CHg

In 1y

can draw electron density from the filled d orbital of the metal,
there must berd(Ni)—s*(N) electron donation. Therefore,
three bonds involving iminol, NtN—C—0, may have multiple

For With the observations previously made in four-coordinate Ni(l)

complexed./~20
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bonding character. In fact, intermediate bond distances betweeratom coordinates, and bond distances and angles involving

normal single and double bonds were observed for-N222
and C22-023 bonds, which are 1.314(7) and 1.242(7) A,
respectively. The NiN24 bond distance [1.969(5) A] is also
short compared with the NiN(macrocycle) bonds. In addition,
the bond angle NiN24—C22 is 124.6(4), and the bond angles
involving the C22 center are nearly 120

The fact that the four N24, C22, 023, and C21 atoms of

multiple bonding character in them. Wher-8 and C-O bond
distances and the(CO) value of the complex are compared
with those (1.333 A, 1.233 A, and 1694 chP438 of free
acetamide, it is seen that the contribution @f lIh the former

hydrogen atoms forR,SR,S)-[Ni(C14H30Ng)(NHC(OH)CHg)]-

ClO4 and Figures StS3 showing UV/vis spectral changes upon
exposure to dry oxygen, an IR spectrum, and a packing diagram
for (RSR,9-[Ni(C14H30Ne)(NHC(OH)CH;)ICIO, (14 pages);
table listing observed and calculated structure factors for
(RSR,9-[Ni(C14H30Ng)(NHC(OH)CH)]CIO, (5 pages). This

_ ; ' material is contained in many libraries on microfiche, im-
acetamide make an almost perfect plane and the Ni atom is

nearly in the plane (0.574 A out of the plane) also supports the
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