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Gold Clustering at the Terminal Functions of Long-Chain Thiols and Amines
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Treatment of 1,6-hexanedithiol withs mol equiv of tris[(triphenylphosphino)aurio(l)Joxonium tetrafluoroborate
and sodium tetrafluoroborate afforde-tjexane-1,6-dithiolato)tetrakis-[(triphenylphosphine)gold(l)] bis(tetra-
fluoroborate) {). The analogous reactions with-mercaptoethylamine, HS(GHNH,, 1,4-diaminobutane,
H2oN(CH,)4NH,, andn-butyl- andn-octylamine, CH(CH,),NH; (n = 3 or 7), give the corresponding pent&),(
hexa- 8), and trinuclear4, 5) complexes, respectively. The crystal structures of compo@radsl5 have been
determined by single-crystal X-ray diffraction studies. In the hexanuclear corl@pilesee gold atoms are bonded

to each nitrogen, putting each of these atoms at the apex of agpN#amid. There are no intra- or intermolecular
interactions between the gold centers of different nitrogen atoms. The trinuclear cdnipéures the unfolded
aliphatic chain at the apex of such a pyramid. In both compounds the gold atoms show close contacts of 3.0
0.1 A, indicating significant bonding, which is probably the main driving force for the clustering of seemingly
closed-shell (&) gold(l) metal atoms.

Introduction We have recently been able to isolate molecular and cationic
. . . species in which the sulfur atoms of thiols are the nucleation
For many decades it has been explicitly or tacitly assumed centers for up to three gold atoms resembling the various
that gold surfaces are completely inert toward virtually all possible modes of interaction between anionic [R®hd
chemicals except for the most aggressive oxidants. Recent-ationic [LAUJ* units? This work has now been extended to
studies have shown very conclusively, however, that gold include longer-chain and bis-terminal thiols.
surfaces are covered rapidly by monolayers of thiolate units  gince there is also as yet limited evidence that amines may

when exposed to either thiol-containing solutions or to thiol 4w similar anchoring behavior at gold surfaBssme long-

1 > 9 ,
vapors: S . chain amines and diamines and a mercaptmine have also
This chemisorption leads to what is addressedsalé been considered.

assemblednonolayers in which the thiols are anchored at the
top layer of gold atoms of the bulk metal through their sulfur Experimental Section
atom. Evolution of hydrogen is believed to occur, and there is

ample physical evidence that the thiols indeed end up as thiolateo| . . i
. - ry and pure nitrogen. Glassware and solvents were dried and filled/

groups. _Th|s model then requires the presence of at Iea_lst lsaturated with nitrogen. NMR: Jeol 400 spectrometer; deuterated
mol equiv of gold(l) at or close to the surface. The resulting solvents with the usual standards. MS: Varian MAT 311A instrument
efficient coverage of the surface by either hydrophilic or (FaB, p-nitrobenzyl alcohol, or FD, dichloromethane solvent). The
hydrophobic thiolates and its “engineering” are the basis for a thiols, amines, and the thieamine were commercially available.
variety of applications in the realm of what may be classified [(PhP)Au:O"BFs~ was prepared by following the literature procedure.
as two-dimensional nanotechnology. Hexane-1,6-diylbig [bis(triphenylphosphino)aurio(l)]-

While the knowledge of the processes involved on the (ST T0F T methane (10 mL) was treated with
macroscopic level has advanced very rapfdfythere is still pE, D T
considerable debate about the nature of the chemisorption on[(PhSP)AU]3O BF: (020 g, 0.135 mmol) and NaGF After 1 h of

h | lar | L Ak ion is th e £ 1h stirring a small amount of solid was filtered off, the solvent was
the molecular level. ey question is the positioning of the evaporated from the filtrate in a vacuum to a volume of ca. 5 mL, and

sulfur atom on either only one gold atom, as a bridge between giethy ether was added to precipitate compleas a white solid (0.108
two gold atoms, or in the hollow sites between a triangle or g, 50% yield). The product could not be crystallized from,CH or
square of gold atoms, depending on the crystallographic cut CHCI; upon layering with pentane or hexane. M@&7z= 992.1 [M",
through the gold lattice (111, 100, etc.). 25.7%)], 1409.0 [S(AuPPRM*, 100%]. 3'P{'H} NMR (CDCl;,
—60°C): & = 34.4 [s]. '"H NMR (CDCl;, —60 °C): 1.50 [m, 4H,
o , , CH;], 1.79 [m, 4H, CH], 3.32 [m, 4H, CHS], 7.27-7.53 [m, 60H,
('@ Uman. A.Ghem. Re. 1696 86, 1555, (5) Scnwssir, H M; el Anal. Calcd (found) for GHrABAFP.S, (M: = 2158.99)
Karpovich, D. S.; Blanchard, G. J. Am. Chem. So¢996 118 9645. C, 43.57 (43.40); H, 3.18 (3.36); S, 2.75 (2.97).
(c) Delamarche, E.; Michel, B.; Biebuyck, H. A.; Gerber, &dv. [2-{Bis[(triphenylphosphino)aurio(l)]sulfonio } ethyl]{ tris-
Mater. 1996 8, 719. (d) Andres, R. P.; Bielefeld, J. D.; Henderson, J.  [(triphenylphosphino)aurio(l)] }ammonium Bis(tetrafluoroborate)

I.; Janes, D. B.; Kolagunta, V. R.; Kubial, C. P.; Mahoney, W. J.; ; ;
Osifchin, R. G.Sciencel996 273 1690. (2). To a suspension of HS(GHNH, (0.018 g, 0.24 mmol) in

(2) Sellers, H.; Uiman, A.; Shnidman, Y.; Eilers, J.EAm. Chem. Soc.

The experiments were carried out routinely under an atmosphere of

1993 115 9389. (7) Sladek, A.; Angermaier, K.; Schmidbaur, Bl. Chem. Soc., Chem.
(3) Laibinis, P. E.; Graham, R. L.; Biebuyck, H. A.; Whitesides, G. M. Communl1996 1959.

Sciencel99], 254, 901. (8) Liz-Marzan, L. M.; Giersig, M.; Mulvaneg, R. Chem. Soc., Chem.
(4) Chidsey, C. E. DSciencel991, 251, 919. Commun.1996 731.
(5) Nuzzo, R. G.; Zegarski, B. R.; Dubois, C. H.Am. Chem. So4987, (9) Nesmeyanov, A. N.; Perevalova, A. G.; Struchkov, Yu. T.; Antipin,

109 733. M. Yu.; Grandberg, K. |.; Dyadchenko, V. B. Organomet. Chem.
(6) Kim, Y. T.; Bard, A. J.Langmuir1992 8, 1096. 198Q 201, 343.
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dichloromethane (10 mL) was added [§PPAulO"BF,~ (0.60 g, 0.405
mmol) and a small amount of NaBF After the suspension was stirred
for 1 h, the precipitate was filtered off and the solvent was evaporated
in a vacuum. Addition of diethyl ether (15 mL) gave a yellow
precipitate (0.39 g, 64% yield). The product also could not be
crystallized (sed). 3P{*H} NMR (CDCl;, 25°C): 6 = 34.9 [s, 2P,
PAuS], 29.1 [s, 3P, PAuN]*H NMR (CDCl, 25°C): 3.78 [m, 2H,
CHN], 4.75 [m, 2H, CHS], 7.16-7.38 [m, 75H, K. Anal. Calcd
(found) for G H70AUsBFgNPsS (M, = 2544.02): C, 43.06 (43.40);
H, 3.09 (3.13); N, 0.50 (0.55), S, 1.51 (1.26).
Butane-1,4-diylbis{tris[(triphenylphosphino)aurio(l)]-
ammonium} Bis(tetrafluoroborate) (3). A solution of HLN(CH,)s-
NH; (0.01 g, 0.12 mmol) in CHGI (10 mL) was treated with
[(PhsP)Aul;O"BF,~ (0.35 g, 0.24 mmol) with stirring. Afte3 h the
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Data for compound3:3CHCL: Ci15H10:AUB2CloFsNPs, M, =
3371.27, triclinic,a = 10.383(1) A,b = 18.617(1) A,c = 19.320(1)
A, o =76.68(1), p = 84.12(1}, y = 78.33(1}, space grou®1 (No.
2),Z =1, Dcac = 1.576 g cm®, F(000)= 1604 e u(Mo Ko) = 64.6
cm L. A total of 13024 intensity data were measured up to (@in
MDmax = 0.62 A1, of which 12 324 independent structure factors were
used for refinement. All non-H atoms of the dication were refined
with anisotropic displacement parameters. Due to disorder, the non-H
atoms of the solvent molecules were treated isotropically, with the H
atoms neglected. The Bfanions were included with fixed isotropic
contributions. H atoms of the dication were placed in idealized
calculated positions and allowed to ride on their carbon atoms. The
function minimized was W2 = [YW(F2 — FA)Y3W(F2)?3 Y2, with w
= 1l03(F») + (ap)? + bp andp = (F2 + 2FA)/3 (a= 0.1627,b =

solvent was evaporated in a vacuum, and addition of diethyl ether (15 37.87). The finaR andR, values were 0.0777 [based Br& 40(F)]

mL) led to the precipitation of a white solid (0.289 g, 80% yield). A
chloroform solution (5 mL) of this product was layered with diethyl
ether (30 mL) at room temperature. After 24 h colorless crystals were
isolated. MS:m/z= 1419.5 [Mf, 20.9%], 1190.1 [(M— AuPPh)?*,
100%]. 3P{*H} NMR (CDCl;, 25 °C): 6 = 29.0 [s]. 'H NMR
(CDCl;, 25°C): 2.16 [m, 4H, CHC], 4.26 [m, 4H, CHN], 7.21-7.45
[m, 90H, H-]. Anal. Calcd (found) for GiHgsAueBFsN2Ps (M; =
3013.28): C, 44.10 (44.60); H, 3.17 (3.27); N, 0.70 (0.90).
n-Butyltris[(triphenylphosphino)aurio(l)Jammonium Tetrafluo-
roborate (4). To a dichloromethane solution (20 mL) of Q&H,)s-
NH; (10 uL, 0.10 mmol) was added [(RR)Auls:O*BF,~ (0.15 g, 0.10
mmol). After 2 h of stirring the solvent was completely removed in a
vacuum. Addition of ethanol (3 mL) and diethyl ether (15 mL) gave
complex4 as a white precipitate (0.106 g, 69% vyield). The methods
used for crystal growth with compourgiwere not successful for this
complex. MS: m/z= 1448.4 [Mf, 48.6%)], 459.3 [P¥PAU", 100%)].
31P{IH} NMR (CDCls, 25°C): 6 = 29.1 [s]. *H NMR (CDCls, 25
°C): 0.92 [t,J = 7.4 Hz, 3H, CH], 1.60 [m, 2H, CH], 1.91 [m, 2H,
CH;], 4.21 [m, 2H, CHN], 7.12-7.46 [m, 45H, K. Anal. Calcd
(found) for GgHssAusBFsNP; (M, = 1535.70): C, 45.17 (45.36); H,
3.47 (3.54); N, 0.80 (0.90).
n-Octyltris[(triphenylphosphino)aurio(l)Jammonium Tetrafluo-
roborate (5). To a dichloromethane solution (20 mL) of GI€H,)--
NH; (12 uL, 0.13 mmol) was added [(RR)Auls;O*BF,~ (0.20 g, 0.13
mmol). After 4 h of stirring the solvent was evaporated in a vacuum.
Addition of diethyl ether (15 mL) led to the precipitation of complex
5 as a white solid (0.107 g, 52% vyield). MSn/z= 1504.9 [M',
32.0%], 459.3 [PHPAU", 100%]. 31P{1H} NMR (CDCls, 25 °C): &
= 29.1 [s]. *H NMR (CDCls, 25°C): 0.82 [m, 3H, CH], 1.21 [m,
8H, CHy], 1.58 [m, 2H, CH], 1.91 [m, 2H, CH], 4.21 [m, 2H, CHN],
7.25-7.48 [m, 45H, K. Anal. Calcd (found) for GHsAusBF,-
NP; (M, = 1592.03): C, 46.37 (46.77); H, 3.87 (3.92); N, 0.76 (0.88).
Crystal Structure Determinations. Specimens of suitable quality

and 0.2146, respectively, for 640 refined parameters. Residual electron
densities: +4.110/~2.913 e A3, located around gold atoms.

Results

Preparation, Properties, and Spectroscopic Data of the
Compounds. The reaction of hexane-1,6-dithiol with tris-
[(triphenylphosphino)aurio]oxonium tetrafluoroborate and so-
dium tetrafluoroborate in dichloromethane at room temperature
leads to the tetranuclear complex formulated in eq 1. The

HS(CH,);SH + “/3[(PPh)AuU],0"BF,” + NaBF, —
{[(PP@)AU]2S(CH2)681[AU(PPQ)]2} 2+(BF4)72 1)

product was identified by elemental analysis, field desorption
mass spectrometry and NMR spectroscopy (Experimental Sec-
tion). The proposed structure is analogous to that of the
previously reported complex with a shorteg €hain® No
single crystals suitable for diffraction studies could be obtained.
Following the same procedure, cysteamine ((2-mercapto-
ethyl)amine) can be converted into the pentanuclear prdjuct
which was obtained as a yellow solid (eq 2). The composition

HS(CHy),NH, + %/,[(PPh)AU],O"BF,” + NaBF, —
{[(PPhJ,)AU]2S(C|'lz)2N2[AU(PPr§)]3} 2+(BF4)72 (2

of compound was confirmed by standard analytical techniques,
and the proposed structure is based on the NMR data.3%Phe

and size were mounted in glass capillaries and used for measurementtNMR spectrum shows two singlets @t= 34.9 (2 P) and 29.1

of precise cell constants and intensity data collection. Diffraction

measurements were made on an Enraf-Nonius CAD-4 diffractometer,

using graphite-monochromated MaKadiation ¢ = 0.710 73 A) with
the w/6 scan mode at-68 °C. An Lp correction was applied, and
intensity data were corrected for decayl2.5% §) and—41.6% )]
and absorption effectgyfscans,Tmin/Tmax = 0.72/0.99 §), 0.79/0.99

(3)]. The structures were solved by Patterson methods and completed

by full-matrix least-squares techniques agaifst

Data for compound-Et;O: CegH72AUsBFsNOP;, M, = 1665.87,
triclinic, a = 12.236(1) A,b = 14.423(1) A,c = 19.644(2) A,a =
101.99(13, f = 105.82(1}, y = 101.34(13, space groufl (No. 2),
Z = 2, Deac = 1.761 g cm?®, F(000) = 1612 e,u(Mo Ka) = 71.6
cm L. A total of 12224 intensity data were measured up to (in
Nmax = 0.64 A1, of which 11 741 independent structure factors were
used for refinement. All non-H atoms were refined with anisotropic

ppm (3 P), which are in accordance with the chemical shifts
observed for Au(PRH groups bonded to sulfonium or am-
monium centers, respectively, in compounds previously
reported’10.1+15

Treatment of 1,4-diaminobutane with tris[(triphenylphos-
phino)aurioJoxonium tetrafluoroborate under similar reaction
conditions afforded the hexanuclear comp&in good yield
(eq 3). The compound was identified by elemental analysis

H,N(CH,),NH, + 2[(PP|})AU]3O+BF4_ —
{[(PPh\a)AU]3N(CH2)4'\é[AU(PPk§)]3} 2+(BF4)_2 3

displacement parameters, except for those of the solvent diethyl ether.(10) Siadek, A.; Schmidbaur, Hnorg. Chem.1996 35, 3268.
H atoms were placed in idealized calculated positions and allowed to (11) Sladek, A.; Schneider, W.; Angermaier, K.; Bauer, A.; Schmidbaur,

ride on their carbon atoms. The function minimized waR2w=
[SW(Fs? — FAASW(FA)?Y2, with w = 1/6%(Fo?) + (ap)? + bp andp
= (Fo? + 2FA)/3 (@ = 0.0407,b = 4.86). The finaR andR, values
were 0.0423 [based dA > 40(F)] and 0.0819, respectively, for 672
refined parameters. Residual electron densitie2:032/~1.533 e A3,
located around the gold atoms.

H. Z. Naturforsch.1996 51b, 765.

(12) Grohmann, A.; Riede, J.; Schmidbaur,JdChem. Soc., Dalton Trans.
1991, 783.

(13) Schmidbaur, H.; Kolb, A.; Bissinger, Piorg. Chem1992 31, 4370.

(14) Angermaier, K.; Schmidbaur, H. Chem. Soc., Dalton Tran$995
559.

(15) Schmidbaur, HChem. Soc. Re 1995 24, 391.



968 Inorganic Chemistry, Vol. 36, No. 6, 1997 Lopez-de-Luzuriaga et al.

/ P(2)
P(39 \>
P @R
0>
(NVIEANI v

Aul2) @y

Figure 2. Molecular structure of the dication of compl8xvith atomic
Figure 1. Molecular structure of the cation of compl&with atomic numbering (ORTEP, hydrogen atoms omitted). Selected bond lengths
numbering (ORTEP, hydrogen atoms omitted). Selected bond lengths (A) and angles (deg): Au(BAu(2) 3.048(1), Au(1>-Au(3) 2.980(1),
(A) and angles (deg): Au(BAu(2) 3.0855(5), Au(1yAu(3) 3.0730(6), Au(2)—Au(3) 3.109(1), Au(1yN 2.04(1), Au(2)-N 2.05(1), Au(3-N

Au(2)—Au(3) 3.0126(5), Au(1}¥N 2.053(6), Au(2}N 2.055(7), 2.03(1), Au(1y-P(1) 2.244(4), Au(2P(2) 2.229(4), Au(3}P(3)
Au(3)—N 2.074(7), Au(1)-P(1) 2.253(2), Au(2}P(2) 2.243(2), Au(3) 2.233(4); N-Au(1)—P(1) 173.5(3), N-Au(2)—P(2) 175.2(3), N-Au(3)—
P(3) 2.246(2); N-Au(1)-P(1) 175.6(2), NAu(2)—P(2) 171.7(2),  P(3) 174.2(3), C(1yN—Au(1) 124.2(10), C(1yN—Au(2) 118.1(12),
N—Au(3)-P(3) 173.3(2), C(1yN—Au(1) 119.5(5), C(1}N—Au(2) C(1)-N—Au(3) 119.1(11).

122.2(5), C(1}N—Au(3) 121.5(5).
and mass spectrometric and NMR spectroscopic techniques. The overall situation at the-€NAusz unit is thus a good model
Single crystals 0f3-3CHCkL were obtained upon layering of  for the anchoring of a long-chain amine in a 3-fold hollow site
chloroform solutions with diethyl ether. at the surface of gold metaf. The bending at the carbon atom
Through similar reactions-butyl- andn-octylamine afforded C1 leads to the tilting of the alkyl chain, which can align with
the trinuclear complexesand5 (eq 4), which showed physical  neighboring units. The three phosphines are auxiliary ligands
and spectroscopic properties very similar to those observed forreplacing the bulk of the metal in the back of the N-bonded
compound3. Complex5 was obtained as single crystals, gold atoms. The two most likely modes of thiol anchoring at
5-Et,0. gold surfaces have been discussed in ref 7.
b — Compound3 also forms triclinic crystals, space grofi,
CHy(CHy),NH, + [(PPRy)AUl,0"BF, — with Z = 1 formula unit in the unit cell. The lattice contains
{[CH4(CH,) N[Au(PPh)].} "(BF,)~ (4) independent anions, dications, and chloroform molecules (from
n=3(4),7 () chloroform/diethyl ether). Crystallographically, the dications
have virtual inversion symmetry owing to disorder of the two
inner atoms of the butane chain (C2, C3, Figure 2). The
configuration at each nitrogen atoms is the same as already
described for compoun8. The butanediamine link is thus

Crystal and Molecular Structures. Crystals of compound
5 (from dichloromethane/diethyl ether) are triclinic, space group
P1, with Z = 2 formula units per unit cell. The lattice consists

of independent tetrafluoroborate anionsyctyltris[(triphenyl- anchored at three gold atoms on both ends in very much the

p_hosphino)aurio(l)]ammonium _cations, and one molecu_le of same way as the-octylamine chain in comple% on only one
diethyl ether solvent. The cation has no crystallographically ¢4

imposed symmetry, but the local symmetry at the quaternary

nitrogen atom is close to point gro@s,. Then-octane chain Acknowledgment. This work was supported by the Deutsche
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than the tetrahedral standard leading to three close Au--Au

contacts at the base of the NApyramid. It is well established Supporting Information Available: Listings of crystallographic

from experimental and theoretical results that this structural data and data collection and refinement details, atomic positional and

motif gives rise to significant stabilization of the system. The thermal parameters, anisotropic thermal [parameters, bo_nd distances,

three gold atoms are linearly two-coordinate with standard a"d bond angles (21 pages). Ordering information is given on any

Au—N and Au-P bond lengths and NAu—P angles close to current masthead page.
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