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Extremely Facile Template Synthesis of Gold(lll) Complexes of a Saturated Azamacrocycle
and Crystal Structure of a Six-Coordinate Gold(lll) Complex
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Two gold(lll) complexes of the hexaazamacrocyclic ligand 1,8-bis(hydroxyethyl)-1,3,6,8,10,13-hexaazacyclotet-
radecanel(), four-coordinate [Aul()](ClO4)3-%,H,O and six-coordinate [AW()Cl;]JAuCl,, were synthesized in

high yield from the template condensation of ethylenediamine, formaldehyde, and ethanolamine in the presence
of gold(lll) ion. The gold(lll) template cyclization is extremely fast compared with the corresponding nickel(ll)
template reaction. Both gold(lll) complexes are diamagnetic. [AG{]JAUCI4 (AuaCi2H30N6O2Cle) crystallizes

in the monoclinic space grolR2./c with a= 6.987(2) A,b = 14.945(1) Ac = 11.151(3) A,3 = 98.83(1}, and

Z = 2. The structure was solved by Patterson and the direct methods and refRedltees ofR = 0.0868 and

Ry(F?) = 0.1324 for 2025 observed reflections measured with Mo rdiation on an Enraf Nonius CAD-4
diffractometer. The gold(lll) ion of the macrocyclic cation displays a tetragonally distorted octahedral geometry,
with four nitrogens in the plane and two chlorides on axial sites. The bond distances—di And Au—Cl

average 2.049(8) and 3.097(4) A, respectively. The hydrogen atoms of secondary amines form hydrogen bonds
with hydroxyl oxygen and the coordinated chloride of neighboring macrocyclic complexes.

Introduction template for the synthesis of macrocyclic complexes except

) _ 1,1516 probably because metallic gold and/or gold oxide are
Ni(ll), Cu(ll), and Co(lll) complexes of various saturated ¢4 during the reaction.

T et heecepys "ol In s paper. we show that Au() on s a good meta

aminesi—12 In order to prepare the complexes of other metal template and remarkably facilitates the condensation of form-

ions, it Would be useful to prepare free macrocycles. However aldehyde_ anql amines. Macrocychc Au(ily complexes are
' ; ’ obtained in high yield in minutes. We also show that one of

inkages are unstable when they are nof coordinaced 10 a metaf125¢ ProdUCtS: IALOCIAUCI is diamagnetic but it contains
. 9 . yareé notc . Au(lll) ion in an uncommon six-coordinate geometry which has
ion. Therefore, we are interested in finding other metal ions . -

i : ) severe tetragonal distortion.
that can be utilized in the metal template reactions. We are
interested in the Au(lll) ion because Au(lll) macrocyclic "
complexes are rare and those already reported exhibit quite C 3WCH3

different chemical behavior from the corresponding Ni(ll) N N /_HN‘ ‘N’i\
complexes because of the higher Lewis acidity of the Au(lll) [ \ALkllu j Ho——(CHg)g*N\_ At _/N—(CHg)g—OH
ion.1314 The Au(lll) ion has been seldom used as a metal N N HN NH
- ./
, CHSJ\)\ -
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Table 1. Crystallographic Data for [Aw()Cl;JAuCl,

Suh et al.

formula AwC12H30N6O-Clg cryst size, mm 0.5 0.20x 0.10
fw 897.06 u, mm? 13.455

space group P2:/c 26 range, deg 4650.0

a A 6.987(2) no. of data collcd 2288

b, A 14.945(1) no. of unique data (all) 2028, = 3.0%]
c, A 11.151(3) no. of obsd dat& (> 40(F)) 1161

B, deg 98.83(1) no. of variable params 130

v, A3 1150.6(5) Re 0.0443 (4 data)
z 2 Ru(F?)P 0.0983 (4 data)
Pealc g/c? 2.589 Re (all data) 0.0868

temp,°C 23 R.(F?)P (all data) 0.1324

A 0.710 73

AR = Y||Fq| — [Fell/3|Fol- ® Ru(F?) = [SW(Fs®> — FA)?IYW(FA)? wherew = 1/[0%(F?) + (0.042P)% + 28.8F)] and P = (F2 + 2FH)/3.

Synthesis. Safety Note. Caution! Perchlorate salts of metal
complexes with organic ligands are potentially explosive. Only small

in Table 1. Complete details of the data collection and refinement
process are given in Table S1 of the Supporting Information.

amounts of material should be prepared, and these compounds should

be handled with great care.

[AU(L)I(CIO 4)3Y2H20. Au(enkCl; was prepared as previously
reported® To a stirred methanol solution (65 mL) of Au(e6); (0.32
g), ethanolamine (0.13 mL) was added, and followed by 37%
formaldehyde (0.4 mL). The mixture was heated at reflux for 10 min,
filtered while hot to remove the dark precipitate of &84, and then
HCIO, (1.0 mL) was added dropwise to the filtrate. The solution was
allowed to stand at room temperature. A pale yellow precipitate
[Au(L)](ClO4)s+Y/:H,0 formed and was filtered, washed with absolute
MeOH, and driedin vacua Yield: 82%. Anal. Calcd for
AUC;.H3:1NeCls0145 C, 18.90; H, 4.07; N, 11.02. Found: C, 19.28;
H, 4.16; N, 11.04.

[Au(L)CI ;JAuCl 4. The same template condensation procedure as
above was performed, and HCI (200) was added instead of HCIO
to the filtrate. The solution was allowed to stand in a refrigerator until
yellow crystals formed, which were collected by filtration, washed with
absolute EtOH, and driemh vacua Yield: 74%. Anal. Calcd for
AuCiH3oNsOLCle: C, 16.66; H, 3.49; N, 9.7. Found: C, 16.99; H,
3.52; N, 9.25.

X-ray Crystallography. X-ray examination and data collection

Results and Discussion

Synthesis. Au(lll) macrocyclic complexes are rare and
seldom synthesized by the template condensation reaction. The
Au(lll) complex of 1 is the only one so far which has been
prepared by the template react®i® In most cases it is
probable that Au(lll) is reduced to metallic gold or As-nH0,
in a basic solution. The Au(lll) complexes of macrocyclic
ligand L, four-coordinate [Au()](ClOg4)z-%,H,O and six-
coordinate [Aul)CI,]JAuCl,, were obtained in high yield in the
present research from the reaction of eqs 1 and 2. Although
the macrocyclic ligand. contains four secondary and two
tertiary nitrogens as well as two pendant hydroxyl groups, only
the four secondary nitrogens have coordinating abflityhe
condensation reaction of eq 1 using the Au(lll) template is
remarkably faster than similar Ni(ll) template reactiédn3he
former finishes macrocyclization in 10 min while the latter takes
several hours to days. The crucial step of the cyclization may
be the attack of the primary amine function on th&l=CH,

procedures were performed at room temperature on an Enraf-Noniusimine bonds which are derived from the Schiff base condensa-

CAD-4 diffractometer. Data were collected with graphite-monochro-
mated Mo ku radiation through the use of thescan method. Lorentz
and polarization corrections were applied to the data. An empirical
absorption correction was applied to the data based amszan
method!® Of the 2025 independent reflections {0h < 8, 0 < k <
17,—-13 < | = 13) measured within thef2range of 4.6-50.C%°, 1161
(57.3%) reflections were considered as observed Wwith4o(F). The

two Au atoms were located at the special positions. The positions of
gold atoms were found by inspection of the Patterson synthesis, and
the rest of the non-hydrogen atoms were determined by the direct

method?®?! The refinement was performed &# for all reflections
including those generally believed to be unobsenfed [4o(F)]. The

tion of terminal—NH, groups of coordinated ethylenediamine
with formaldehyde. The electrophilicity of carbon atom in
—N=CH, must be greatly enhanced by the acidic Au(lll) ion
coordinated at the nitrogen atom of the imine.

[Au(en),]*" + CH,0 + NH,CH,CH,OH — [Au(L)]*" (1)

2

Properties. The complexes [AW()](ClO4)s/,H,O and
[Au(L)CI,JAuCl, are soluble in water, M&O, and DMF and

[Au(L)]** + 2CI" — [Au(L)Cl,]"

positions of all non-hydrogen atoms were refined with anisotropic slightly soluble in MeCN. In the absence of added acid (HCIO
displacement factors. Calculated positions of all hydrogen atoms except g, HCI), both complexes are unstable in water where they

H(7) were allowed to ride on their bonded atoms with the isotropic

displacement factors fixed with values of 1.2 times those of the bonded

atoms. As the torsion angle involving H(7) could not be determined

by the idealized geometry, the circular difference Fourier method using

decompose slowly to A3 and/or metallic gold. The infrared,
UV/vis, 13C NMR, and conductance data are summarized in
Table 2. The infrared spectra (Nujol mull) of [Au)](CIO4)3-

the SHELXL93 HFIX147 option was applied to locate H(7). H(7) thus 1/2H,0 and [Aul )Cl;JAuCl4 showedvon of hydroxyl pendant

found was only 1.4 A from H(2)X Y¥> — v, ¥> + 2). The position of
H(7) was refined by using the SHELXL93 HFIX83 option. All
calculations were done by using the program SHELXED3The

groups at 3300 and 3325 ch respectively, andvyy of
secondary amines at 3125 chand at 2990 cmt, respectively.
The spectrum of [Ni()](ClO4), showedvoy at 3520 cmt and

crystallographic data collection and refinement details are summarized v at 3205 cmiL.” The lowvoy andvyy values of the Au(lll)

(18) Block, B. P.; Bailar, J. C., Jd. Am Chem Soc 1951, 73, 4722.
(19) North, A. C. T.; Philips, D. C.; Mathews, F. Bcta Crystallogr 1968
A24, 321.

(20) Beurkens, P. T.; Noordick, J. Kcta Crystallogr 1971, A27, 187.
(21) Beurkens, P. T.; Admiral, G.; Beurkens, G.; Bosman, W. P.; Garcia-
Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,T@e DIRDIF

Program System Technical Report of Crystallography Laboratory
University of Nijmegen: Nijmegen, The Netherlands, 1992.

(22) Sheldrick, G. MSHELXL93 Program for the Refinement of Crystal
Structures University of Gottingen: Gottingen, Germany, 1993.

complexes indicate that the pendant hydroxyl groups and
secondary amines are extensively involved in hydrogen bonds,
which is revealed by the crystal structure of [A)CI;]AuCl..

The value of molar conductance for [AUCI]JAuCl, cor-
responds to a 1:3 electrolyte instead of 2 Indicating that
the axial chlorides dissociate in M8O to give [Aul)]®"
species. Similar observation was made with the six-coordinate

(23) Geary, W. JCoord Chem Rev. 1971, 7, 81.
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Table 2. Properties of Au(lll) Macrocyclic Complexes

IRacmt UVNis Aw, Q1 3C NMRe 6, ppm
compd VNH VoH AMax, NM (€) cmiMt N-C-C-N N-C-C-O0 C-C-OH N-C-N
[AU(L)](CIO4)s¥H,0 3125 3300 364 (660389 (18009 213 52.0 52.3 59.1 68.7
[Au(L)CI,]JAuCl, 2990 3325 324 (4500), 258 (6700) 84 51.9 52.0 58.8 68.0

aMeasured with Nujol mull® Measured in MgSO. ¢ Measured in MeCNY Measured in DMF¢ Measured in MgSO-ts.
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Figure 1. ORTEP drawing of [Au()CI;]JAuCl, with the atomic

N|(”) Comp|eX [N|(L)CI2] in which axial CI ions were numbering scheme. Thermal ellipSOids are drawn at the 30% prOb-

dissociated in KO.” 13C NMR spectrum of [Aul.)Cl]JAuCl, ability level.
measured in MgO-s is virtually same as that of [Al(]- Table 3. Fractional Atomic Coordinatesx(L0¥) and Equivalent
(ClOg)3z+Y,H,0 due to the dissociation of axial chlorides. Isotropic Displacement Parameters®(A 10°) for [Au(L)CI,JAuCl4
The electronic absorption spectrum of [AY](ClOg4)z-%-H,0 atom X y 2 Ueqy
is different from that of [Aul)CI;]JAuCl, in Me,SO. For Au(l) o o o 41(1)
[Au(L)CI;]AuCly, the intense chromophore AgCIdominates Au(2) 5000 0 5000 26(1)
and the spectrum of the Au(lll) macrocycle is obscure. The cy) 2910(7) 721(3) 249(5) 62(1)
spectrum of [AUL)](ClO4)3+Y/;H,0 measured in M&SO is Cl(2) —1599(7) 1321(3) 25(5) 63(1)
different from that measured in MeCN. This may be attributed IC\il((13)) 6?1293((?)6) —éggg; ggggg%) ‘31?((3
ot : . _
to the fact that [Aul'()] interacts with the donatlng solvent NE) £123(17) 1367(8) 2825(11) 323)
molecules or to different degrees of deprotonation of the N(3) 4032(19) 1643(9) 6772(12) 41(3)
secondary amines in these solvents. The secondary amine in ¢(1) 5832(23)  —776(10) 2689(14) 38(4)
[Au(cyclam)P*t complex is deprotonated in agueous solution,  c(2) 6358(24) 889(10) 3007(14) 37(4)
with a pK, value of 5.4%3 C(3) 6638(23) 1550(11) 4029(14) 42(4)
Magnetic susceptibilities measured for the solid samples of C(4) 5451(22) 1826(11)  6019(14) 40(4)
[AU(L)](CIO4)s+/2H,0 and [Au()CIzJAuCIs indicate that they 8223 fggiggg %gg‘l‘gﬂ gjgjg% E‘éﬁ%
both are diamagnetic. The molar magnetic susceptibijity) ( o) 2018(17) 3016(8) 8105(11) 57(3)

value for [AuL)CI;]JAuCl, is —67.11x 1075 emu at 292 K. It ) ) o i )
is quite unusual that the six-coordinate Au(lll) complex is _° Equivalent isotropic displacement parametéeq), is defined as
diamagnetic. If the complex were in a perfect octahedral one-third of the trace of the orthogonalizey tensor.
geometry, it should be paramagnetic with two unpaired elec- The average AwN bond distance is comparable to 2.04 A for
trons. However, the Au(lll) ion causes strong ligand field the square-planar [Au(cyclam)](CH25(NOs)1.5H20 complext
splitting because of the high oxidation state and heavy metal but it is significantly longer than that (1.98 A) of a four-
character, and the perfect octahedral structure must be unstableoordinate Au(lll)5-diiminate, 1.18 Compared with that for
since two electrons should occupy @bitals of high energy  the six-coordinate Ni(ll) complex [Ni(cyclam)g}|?* it is ca.
state. Therefore, the tetragonal distortion will occur to split 0.02 A shorter although the covalent radius (1.50 A) of Au(lll)
the g orbitals, which makes the Au(lll) complex diamagnetic is larger than that (1.16 A) of Ni(ll). Apparently, the Au(lll)
(Chart 1). ion in [Au(L)Cl;]™ complex has no electron density ired?
Crystal Structure of [Au(L)CI ;]JAuCl4. An ORTEP*view orbital of the tetragonal fieldd4,) because of the strong ligand
of the complex is shown in Figure 1. Tables 3 and 4 show the field strength while the Ni(ll) ion in [Ni(cyclam)G] has a singly
selected fractional coordinates and bond distances and anglesoccupied g2 orbital (Chart 1). The AwCl bond distance of
The macrocyclic cation possesses an inversion center at the goldhe macrocyclic cation is ca. 0.8 A longer than that [average
atom. The Au(lll) ion is coordinated with four secondary 2.275(3) A] of AuCk™ counteranio?f~28 and it is even longer
nitrogens of the macrocycle and two chloride ions. The complex than the normal bonding criterion of 2.90 A. However, it is
incorporates the hydroxyethyl pendants onto the bridgeheadsignificantly shorter than the sum of van der Waals radii of Au
nitrogens, but neither the pendant hydroxyl groups nor the and Cl (1.66+ 1.75= 3.41 A)2° Moreover, the two Cl ions
bridgehead nitrogens of the macrocycle are coordinated to thelocate exactly above and below the Au(lll) ion and the
Au(lll) ion. In the [Au(L)CI;]* cation, the bond distances of
Au—N and Au-Cl, averaging 2.049(8) and 3.097(4) A, (25 lto, T.; Kato, M.'; Ito, H.Bull. Qhem Soc Jpn 1984 57, 2641.
respectively, indicate severe tetragonal distortion of the complex. %®) TDrgar‘g’ 2"9'8(53'787"1_@“65’ L. R. Hudson, M. J.Chem Soc, Dalton

(27) Hollis, L. H.; Lippard, S. JJ. Am Chem Soc 1983 105 4293.
(24) Johnson, C. KORTEPI} Report ORNL-5138; Oak Ridge National (28) Wang, S. N.; Fackler, J. R@rganometallics199Q 9, 111.
Laboratory: Oak Ridge, TN, 1976. (29) Bondi, A.J. Phys Chem 1964 68, 441.
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Table 4. Bond Distances (A) and Angles (deg) for respectively, which indicates the partial contribution of sp

[Au(L)CloJAuCls? hybridization for the tertiary nitrogens. The shortening of the
Au(1)—CI(1) 2.280(5) N(2)-C(3) 1.51(2) bonds and flattening of the bond angles involving the uncoor-
Au(1)—CI(2) 2.271(4) N(3)-C(4) 1.42(2) dinated bridgehead tertiary amine have been commonly observed
Au(2)—-CI(3) 3.097(4) N(33C(1y 1.42(2) in other com plexes:7:34
ﬁﬁgg:mgg %82283 (N:S;g((g)) igg% In accordance with the IR spectra, the secondary_amine
N(1)-C(1) 1.50(2) C(5)-C(6) 1.52(2) hydrogens of the macrocycle form hydrogen bonds with the
N(1)—-C(2) 1.51(2) C(6Y0(7) 1.39(2) hydroxyl oxygen and the axial Clof the neighboring com-
N(2)—C(4) 1.48(2) plexes: N(2y-H(2)- - -O(7), 2.82(2) A;ON(2)—-H—0(7), 160,

CIL)-AU(L)-CI(2)  91.1(2) CEArN@)-Au@) 112.3(9) and N(1)-H(1)- - -CI(3y', 3.17(1) A,ON(1)-H—CI(3)', 1433
Cl(1)-Au(1)-CI(2)’ 88.9(2) C(4FN(2)-C(3) 114.8(12) For the AuCl~ anion, the average AuCl bond distance is
CI(3)—Au(2)—N(1) 94.1(3) C(4rN(3)—-C(1y 114.7(13) 2.275(3) A, which is comparable to the values reported
CI(3)—Au(2)—N(1)y 85.9(3) C(4XN(3)—C(5)  118.0(13) previously?6-28 The AuCl,~ anion does not interact with any
CI(3)—Au(2)-N(2) ~ 89.9(4)  C(I)-N(3)-C(5) 116.3(13) atoms of the macrocyclic cation. The closest contact between

CI(3)—Au(2)—N(2) 90.1(4 N(3)—C(1)—N(1 113.9(12 : L
N((1))—AJJ((2))—N((2)) 85.2((5)) C((B))—C((Z))—N((l)) 107.3&2; anion and the cation is 3.731(4) A, between Au(l) of AICI

N(1)—Au(2)—-N(2Y 94.8(5) C(2}C(3)-N(2) 107.9(12) and CI(3) of [Au)Cl] "
C(1)-N(1)-C(2) 114.6(11) N@YC@A)-N(2) 114.5(12) ,
C(1)-N(1)-Au(2)  1125(9) N(3}C(5)-C(6) 111.7(13) Conclusions

Sggiﬁggiﬁﬂ% }8;;2% OFFce-cE) - 14104 We have shown that Au(lll) macrocyclic complexes can be

. . ) ~synthesized in high yield by a direct template condensation

rimSeyTTj—tr])f t_rans_f‘;rfitl'od”juk‘)JIZEdri:TC]’eg_eX”e_rate_‘;q“'Va'e“t atoms: reaction of formaldehyde and amines, and the Au(lll) template
prime, Y ' prme=x, =y, =z cyclization is extremely fast. The Au(lll) macrocyclic com-
n Plexes thus prepared are four-coordinate [AUCI04)3-Y-,H0
plane with an average €Au—N angle of 92.1. Therefore, and six-coordinate [AW()CloJAuCls. The complexes Incorpo-
Au—Cl is regarded as the bonding interaction, and thus the rate the hydroxyethyl pendant's onto th.e brldg.ehead m;rogens
Au(lll) macrocyclic unit is described as a tetragonally distorted bUtl hyo:roxyl grdo_ups_ are R?L mvzlvid In thel Intra- orl inter-
octahedral complex. The Au(lll) ion generally forms square- molecular coordination. Although the complex [AL)Q 2]'.
planar complexes and no six-coordinate Au(lll) macrocyclic AuCly is diamagnetic, the structure around the Au(lll) ion is a

complex has been reported so far. However, a few classicalS€Verely distorted octahedral geometry, composed of four

compounds such asans[Au(diarsl]l and [Au(dien)Cl] are secondary nitrogens and two chlorides. The secondary an_1ine
knoven to be six-coordin(!at%éﬁ(ﬂ In%rgns[Au[(dizgrs)zlz)]lﬁ]l the hydrogens form hydrogen bonds with the coordinated chloride

Au—1 bond distance is 3.35 A, which is 0.62 A longer than the and the hydroxyl oxygen of the neighboring complexes. It is

sum of the radii of Au and | atoms (1.491.33=2.73 A). In likely that other Au(lll) macrocycl_ic comp_lexes may be
[Au(dien)Ck],%2 the Au—Cl(axial) bond distances are 3.121(4) synthesized by template condensation reactions, and some of

and 3.183(3) A, which are longer than 3.097(4) A of the present them may be isolated as the six-coordinate form.

Cl—=Au—CI axis is almost perpendicular to the coordinatio
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and the six-membered ones adopt a chair conformation. The Supporting Information Available: Tables StS4, listing com-
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