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Summary

Organogold(1+) compounds have been synthesized by direct auration of
cyclopentadiene, cyanoacetic ester and malonitrile with (Ph;PAu);0'BF; .
An X-ray structural study (A Mo, 5062 reflections, R = 0.039) of bis(triphenyl-
phosphinegold)malonitrile has been carried out (monoclinic, a = 12.055(6), b =
14.086(5), ¢ = 20.466(12) A, = 90.32(4)°, space group P2,/c, Z = 4). The
Au—Au bond length is 2.912(1) A.

Introduction

Metal-containing oxonium salts of several transition and non-transition metals
have been synthesized recently, but their metallating ability has not been
investigated thus far.

We have obtained gold oxonium salts, (Ph3sPAu);0°X™, [1] and found that
they can aurate many organic compounds under mild conditions. Using direct
auration we have developed a route to a number of organogold compounds,
including some previously unknown.

Tris(triphenylphosphinegold)oxonium salts aurate ferrocene and its deriva-
tives, aliphatic and aliphatic-aromatic ketones and hydrocarbons with an active
hydrogen atom and react with enol ethers and ester to form aurated carbonyl
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compounds. Auration of ferrocene and its derivatives gives rise to the binuclear
organogold complexes [R(AuPPhs),]*X~, which undergo transformations to
the mononuclear compounds RAuPPh; under the action of nucleophiles (PPh;,
Cl~,CN").

Auration of ferrocene derivatives produces mixtures of homo- and hetero-
annular isomers, the former predominating [2,3].

Enol ethers react with (Ph;PAu);O'BF, to give either aurated aldehyde or

aurated ketone [4,5].

0
/
cr;=croB > PthAuCH,_C<

(Ph3PAu);0'BF,; — H
CH,; =Cc(Me)OMe Ph 3PAu'CH2("30H 3

O
Under the action of oxonium salts, methyl ketones are aurated in the methyl
group [6].
R—(HZCH;., + (Ph3PAu);0°MnO, ~> R——(HZCHZAuPPh 3
0O
(R = Me, Et, Ph, C;H;FeC:H.)

In the present paper we report on the interaction of tris(triphenylphosphine-
gold)oxonium tetrafluoroborate (I) with compounds containing active hydrogen,
viz. cyclopentadiene, cyanoacetic ester and malonitrile.

Results and discussion

Cyclopentadiene reacts with I in the presence of bases to give cyclopenta-
dienyl(triphenylphosphine)gold. Either potassium carbonate or sodium hydride
may be used as base, although the reaction proceeds faster (ca. 15 min) and
gives a purer product with sodium hydride.

THF

CsH; + (Ph3PAu);0°BFs — C.H.AuPPh,
(66%)

Earlier C;HsAuPPhj; had been obtained by the reaction of CsHsNa with
PhsPAuCI [7].

Ethyl cyanoacetate reacts with I more rapidly (2 min) than does cyclopenta-
diene to form (triphenylphosphinegold)cyanocarbethoxymethane (IT) in a good
yield.

e} o
= L
NC—CHZC< + (PhsPAu);O*BF; —2%93, pp.pAuUCHC.
THF/H, 0 i ~
OEt OEt
CN
(I1; 94%)

The IR CN and CO vibration bands of II (2216 and 1695 cm ™) are lower
than those of the parent ester (2265 and 1740 cm™!). The significant decrease
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of »(CO) in Il is similar to the effect observed in a-metallated carbonyl deriva-
tives [8,9]. It indicates that Au substitutes an a-hydrogen atom of the cyano-
acetic ester. Accordingly, the 'H NMR spectrum of II shows a splitting of the
methyne proton signal due to interaction with phosphorus (/= 11 Hz).
Malonitrile reacts with I in the presence of base to give the diaurated com-

plex III.

H,C(CN), + (PhsPAu)s0'BF ﬁ—f}% (PhsPAu),C(CN),

(I11; 97%)

The monoaurated derivative cannot be obtained, even with excess of malo-
nitrile (molar ratio 1.0 : 2.4). In the absence of base the reaction proceeds with
the formation of the trinuclear cationic complex IV.

H,C(CN), + (Ph3PAu);0*BF; - [(PhsPAu);C(CN),]*"BF;
(Iv)
Under the action of an aqueous solution of NaCl or K,CO; complex IV trans-
forms to II1, with the loss of one Ph;PAu" group.
fvaci - (Ph3PAu),C(CN), + PhiPAuCl

[(Ph3PAU)3C(CN),1"BF; — (II1)
5203 (PhsPAu),C(CN), + (Ph3PAu);0"BF;
(111) (I

The formation of I in the course of the reaction with potassium carbonate is
probably due to an in situ interaction of the Ph;PAu” cation with water [5].

On the basis of IR and 'H NMR data it is not possible to distinguish the struc-
ture of IIT with a Au—C o-bond from the salt-like structure involving a
[(NC),C]?* dianion, which can be formed from malonitrile [10]. The structure
of the diaurated malonitrile IIT has been established unambiguously by X-ray
diffraction. Both gold atoms form covalent bonds with carbon. The metal—metal
separation is sufficiently small to indicate the presence of an Au—Au bond (the
X-ray crystal structure determination, vide infra).

Compound IV may be described as a complex of III with the Ph;PAu’ cation
similar to the [R(AuPPh;),] 'BF, derivatives studied earlier, which were inter-
preted as being complexes of RAuPPh; with this cation [11]. We proved the
formation of IV in the reaction of III with the Ph;PAu"* cation generated from
chloro(triphenylphosphine)gold under the action of silver tetrafluoroborate.

(Ph3PAu),C(CN), + Ph3Au’BF; - [(PhsPAu);C(CN),]"BF,
(IV)

The structure of IV, however, remains unknown, because in this molecule the
Ph;PAu"’ fragment can be bonded not only to the gold atoms but also to nitrile
nitrogen atoms. The IR spectrum of IV contains the characteristic bands of
BF, and CN, the CN vibrational frequency (2200 cm™') being increased by
20 cm™! compared with that of III. The appearance of a positive centre on the
carbon atom adjacent to the CN group due to coordination of Ph;PAu” by gold
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may be responsible for this frequency shift; although it may also result from

the Ph3;PAu’...N coordination. An increase in »(CN) (by 15 cm™') was observed
in the CuCl malonitrile complex where the copper atom is probably coordinated
to nitrogen [12].

Crystal structure of diaurated malonitrile

The molecule of III with the main bond lengths is shown in Fig. 1; bond
lengths and bond angles are given in Tables 1 and 2, respectively. Compound iII
represents a binuclear complex of Au! with a bridging C(CN), fragment. The
general configuration of the (Ph3PAu),C moiety in III has much in common with
the similar structural unit found in the crystal structure of the binuclear cation
[CHFeCsH.(AuPPhs),1." (V) [18] with a bridging C atom of one ferrocene
cyclopentadienyl ligand, in spite of the fact that one Au atom in V is additio-
nally bonded to the Fe atom. Each Au atom in molecule III has an unsymmetric
trigonal coordination, sums of bond angles at Au(1) and Au(2) being 348.7
and 351.4°, respectively. Thus, the coordination is not strictly planar. The P(1)
and P(2) atoms are displaced out of the Au(1)C(37)Au(2) plane to the same
side by 0.19 and 0.12 A, respectively. The P(1)—Au(1) and P(2)—Au(2) bonds
form angles of 4.8 and 3.0° with this plane. The Au(1)—P(1) and Au(2)—P(2)
bond lengths, 2.269(2) and 2.267(2) A, are equal within accuracy limits to the
values known for triphenylphosphine-gold(I) complexes: 2.275(15) and 2.283-
(12) A in V, 2.279(8) A in MeAuPPh; [14], 2.27(1) A in C4Fs;AuPPh; [15].
The triphenylphosphine ligands have the usual geometry, P—C bond lengths
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Fig. 1. Molecvle IIf with the most important bond lengths.
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TABLE 1
BOND LENGTHS IN THE MOLECULE 1

Bond d (A) Bond d ()
Au(l)—Au(2) 2.912(1) C(18)—C(13) 1.39(1)
Au(l)—P(1) 2.269(2) C(19)—C(20) 1.40q1)
Au(2)—P(2) 2.267(2) C(20)—C(21) 1.38(2)
P(1)>—C(1) 1.801(9) C(21)—C(22) 1.37¢2)
P(1)—C(7) 1.811(9) C(22)—C(23) 1.33(2)
P(1)—C(13) 1.817(9) C(23)—C(24) 1.40(2)
P(2)—C(19) 1.806(10) C(24)—C(19) 1.37(1)
P(2)—C(25) 1.824(9) C(25)—C(26) 1.38(2)
P(2)—C(31) 1.821(10) C(26)—C((27) 1.42(2)
C(1)—C(2) 1.39(1) C(27)—C(28) 1.35(2)
C(2)—C(3) 1.37(2) C(28)—C(29) 1.39(2)
C(3)—C(4) 1.38(2) C(29)—C(30) 1.38(2)
C(4)—C(5) 1.38(2) C(30)—C(25) 1.37(2)
C(5)—C(6) 1.37(2) C(31)—C(32) 1.36(1)
C(6)—C(1) 1.40(1) C(32)—C(33) 1.38(2)
C(7)—C(8) 1.38(1) C(33)—C(34) 1.39(2)
C(8)—C(9) 1.37(2) C(34)—C(35) 1.35(2)
Cc(9)—CQao0o) 1.34(2) C(35)—C(36) 1.39(2)
C(10)—C@a1) 1.39(2) C(36)—C(31) 1.40(2)
C(11>—C(12) 1.39(2) C(37)—Au(1) 2.107(9)
C(12)—C(7) 1.37(2) C(37)—Au(2) 2.095(9)
C(13)—C(14) 1.39(1) C(37)—C(38) 1.43(1)
C(14)—C(15) 1.38(2) C(37)—C(39) 1.44(1)
C(15)—C(16) 1.35(2) C(38)—N(1) 1.14(1)
Cc(16)>—Cca7) 1.39(2) C(39)—N(2) 1.16(1)
C(17)—C(18) 1.37(2)

being 1.806—1.824 A. The bond distances Au(1)—C(37), 2.107(9), and Au(2)—
C(37), 2.095(9) A, are close to those found in MeAuPPhj, 2.12(3) A, and
CecFsAuPPhj, 2.07(2) A, and also to the distance of 2.12(4) A between the
bridging cyclopentadienyl C atom and one of two Au atoms (uncoordinated by
the Fe atom) in V.

As in the case of V, the Au(1)—Au(2) bond in III is almost perpendicular to
the bridging C(CN), least-squares plane; the dihedral angle between Au(1)-
C(37)Au(2) and N(1)C(38)C(37)C(39)N(2) planes being 88.9°. The C(CN),
moiety is planar within 0.01 A. Both nitrile groups are linear, the corresponding
angles C(37)C(38)N(1) and C(37)C(39)N(2) are 178(1) and 179(1)°, respec-
tively. Within the accuracy limits the bond distances C(38)—N(1), 1.14(1),
C(39)—N(2), 1.16(1), C(37)—C(38), 1.43(1), and C(37)—C(39), 1.44(1) A, are
equal to the corresponding values in the tetracyanoethylene molecule [16].
However, the bond angle C(38)C(37)C(39) of 113.4(8)° is somewhat closer to
the tetrahedral sp? (109.5°) than to the sp? (120°) value, so it seems reasonable
to consider III as a diaurated dinitrile derivative of methane with additional
Au—Au bonding. Actually, the Au(1)—Au(2) distance of 2.912(1) A, although
being slightly longer than the shortest Au—Au distance in metallic gold (2.884
A [17]), nevertheless corresponds to a metal—metal bond. The considerable
decrease of the Au(1)C(37)Au(2) angle to 87.7(3)° in comparison with the
tetrahedral value also indicates the presence of Au—Au bonding, while on steric
grounds this angle should be increased. It is true that in the cation V, with a
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TABLE 2

BOND ANGLES IN THE MOLECULE 1

Angle w (°) Angle w (°)
P(1)Au(l)Au(2) 129.34(6) C(13)C(14)C(15) 120(1)
P(1)Au(1)C(37) 173.4(2) C(14)C(15)C(16) 121(1)
C(37)Au(l)Au(2) 46.0(2) C(15)C(16)C(1L7) 120(1)
P(2)Au(2)Au(l) 129.89(6) C(16)C(17)C(18) 120(1)
P(2)Au(2)C(37) 175.2(2) C(17)C(18)C(13) 120(1)
C(37)Au(2)Au(l) 46.3(2) P(2)C(19)C(20) 119.6(7)
Au(1)P@1)C() 112.6(3) P(2)C(19)C(24) 122.6(8)
Au(l)P(1)C(7) 109.7(3) C(24)C(19)C(20) 117.8(9)
Au(1)P1)C(1L3) 115.3(3) C(19)C(20)C(21) 121(1)
C(1)P1)C(7) 108.6(4) C(20)C(21)C(22) 120(1)
C(1)P(1)C(13) 105.2(4) C(21)C(22)C(23) 120(1)
C(7)P(1)C13) 105.0(4) C(22)C(23)C(24) 122(1)
Au(2)P(2)C(19) 115.3(3) C(23)C(24)C(19) 119(1)
Au(2)P(2)C(25) 111.1(3) P(2)C(25)C(26) 121.0(8)
Au(2)P(2)C(31) 113.3(3) P(2)C(25)C(30) 118.7(8)
C(19)P(2)C(25) 105.1(4) C(30)C{25)C(26) 120.3(10)
C(19)P(2)C(31) 105.8(4) C(25)C(26)C(27) 119(1)
C(23)P(2)C(31) 105.5(4) C(26)C(27)C(28) 120(1)
P(1)C(1)C(2) 123.3(7) C(27)C(28)C(29) 122(1)
P(1)C(1)C(6) 117.5(7) C(28)C(29)C(30) 119Q1)
C(6)C(1)C(2) 119.2(9) C(29)C(30)C(25) 121(1)
C{1)C(2)C(3) 119(1) P(2)C(31)C(32) 123.1(8)
C(2)C(3)C(4) 121(1) P(2)C(31)C(36) 116.7(8)
C(3)C(4)C(5) 120Q1) C(36)C(31)C(32) 120.1(9)
C(4)C(3)C(6) 120(1) C(31)C(32)C(33) 119(1)
C(5)C(6)C(1) 120(1) C(32)C(33)C(34) 121(1)
P(1)C(7)C(8) 119.9(7) C(33)C(34)C(35) 118(1)
P1)C(7T)C(12) 122.5(8) C(34)C(35)C(36) 122(1)
C(12)C(7)C(8) 117.5(10) C(35)C(36)C(31) 118(1)
C(7)C(8)C(9) 121(1) Au(1)C(37)Au(2) 87.7(3)
C(8)C(9)C(10) 121(1) Au(1)C(37)C(38) 111.9(6)
C(9)C(10)C(11) 120(1) Au(l)C(37)C(39) 113.1(6)
C(10)C(11)Cc(12) 119(1) Au(2)C(37)C(38) 111.7(6)
C(11)C(12)C(7) 121(1) Au(2)C(37)C(39) 116.5(6)
P(1)C(13)C(14) 118.3(7) C(38)C(3T7)C(39) 113.4(8)
P(1)C(13)C(18) 122.0(7) C(37)C(38)N(1) 178(1)
C(18)C(13)C(14) 119.7(9) C(37)C(39)N(2) 179Q1)

similar Au,C (bridge) moiety, the Au—Au bond of 2.768(2) A is considerably
shorter, but Au—Au distances in various bi- and polynuclear gold complexes are
found to vary in a wide range, corresponding to several possible types of the
metal—metal interaction frem the strong Au—Au bond to the weak secondary
coordination [18,19].
The small but significant non-linearity of both P—Au—C fragments:
P(1)Au(1)C(37) 173.4(2)°, P(2)Au(2)C(387) 175.2(2)°, may also be regarded as
an indirect proof of the existence of an Au—Au bond. A similar distortion of
the linear Au(1+) coordination environment has also been found in structures
of other gold complexes with metal—metal bonding. Namely, in the piperidine
complex [CsH,NAuCl], gold atoms form a square with a Au---Au distance of
3.301(5) A, the N—Au—Cl angle being 176.0(5)° [18]. In the cation V the
P—Au—C angle at the gold atom not bonded to the Fe atom is equal to 169(1)°.
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However, a similar distortion is not found in the structure of the binuclear com-
plex [Et,P(CH,),Au], with three-membered dimethylenediethylphosphonium
bridges. In this case the Au---Au distance is 3.023(1) &, the C—Au—C angle
being 179(1)° [19], perhaps due to steric requirements of the bridging ligands.

The geometry of III therefore reveals the existence of a Au—Au bond.
Increase of the P—Au—C angle and the Au—Au distance of III in comparison
with those of V indicate that this bonding is weaker in III.

Experimental section

'H NMR spectra were recorded with T-60 and Tesla BS-497 spectrometers:
IR spectra were measured with an IKS-29 instrument as oil mulls.

Cell dimensions of the crystals of III and the intensities of 5062 independent
reflections with I > 20 were measured with four-circle automatic Syntex P2,
diffractometer (room temperature, AMo-K,, graphite monochromator, 8/20
scan, 26 < 52°). Absorption correction taking into account the crystal form
was applied according a literature method {20]. Crystals of III are monoclinic,
a =12.055(6), b =14.086(5), c = 20.466(12) A, 3 =90.32(4)°, V = 3475(3)

A3, Z = 4, space group P2,/c. The structure was solved by the heavy atom tech-
nique and refined by full-matrix least-squares with anisotropic temperature fac-
tors for non-hydrogen atoms. H atoms of phenyl rings were included in the
refinement with fixed calculated coordinates and isotropic thermal factors

(Biso = 6.0 A%). Finally, R = 0.039, R, = 0.045. All calculations were carried
out with an Eclipse S/200 computer using modified EXTL programmes *. Coor-
dinates and anisotropic thermal parameters of non-hydrogen atoms are given in
Table 3.

Cyclopentadienyl(triphenylphosphine)gold

Cyclopentadiene (4 ml, 48.4 mmol), freshly distilled, was added to a suspen-
sion of oxonium salt I (2.00 g, 1.35 mmol) and sodium hydride (0.10 g, 4.14
mmol) in THF (50 ml) under argon atmosphere. The mixture was stirred for
15 min at 0°C; the oxonium salt dissolved completely. Hexane (35 ml) was
added to the obtained yellow-brown solution, stirring was continued at 0°C for
15 min and then the precipitate formed was filtered off and discarded. Another
portion of hexane (10 ml) was added to the light yellow filtrate and the ob-
tained solution was stirred at 0°C for 10 min. The precipitate formed was fil-
tered off and the filtrate was rapidly added to 500 ml of cold distilled water
under vigorous stirring. Cyclopentadienyl(triphenylphosphine)gold was filtered
off and washed twice with 15 ml portions of ethanol. Cyclopentadienyl(tri-
phenylphosphine)gold (1.40 g, 66%) was obtained, decomp. above 100°C. 'H
NMR (CDCls): sharp singlet at § = 6.31 ppm (ref. [7]: sharp singlet at 6 = 6.3
ppm).

Triphenylphosphinegold(cyano )carbethoxymethane (II)
Ethylcyanoacetate (0.40 g, 3.54 mmol) and water (0.5 ml) were added to the
oxonium salt I (1.00 g, 0.68 mmol) and potassium carbonate (0.20 g, 1.45

(Continued on p. 278)

* Programmes were modified by A.L Yanovski and R.G. Gerr in our laboratory.
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mmol) in THF (40 ml). The mixture was stirred at 20°C for 2 min; then the
solution was dried with potassium carbonate, filtered and evaporated under
reduced pressure to the volume of 20 ml. Aurated cyanoacetic ester was pre-
cipitated from the solution by addition of hexane (80 ml) and purified by
reprecipitation from acetone by hexane. Complex II (1.08 g, 94%) was obtained.
m.p. 147—149°C. Found: C, 48.27; H, 3.69. C,5H;; AuNO,P, calcd.: C, 48.34;
H, 3.70%. IR (cm™!): 2214m (CN), 1695s (CO). 'H NMR (CDCl;), 8§, ppm:

7.48 (multiplet, 15 H), 4.18 (quartet, J =7 Hz, 2 H), 3.32 (doublet, J = 11 Hz,
1 H), 1.26 (triplet, J = 7 Hz, 3 H).

Bis(triphenylphosphinegold)dicyvanomethane (I1I)

Malonitrile (0.10 g, 1.52 mmol) in THF (40 ml) and water (0.5 ml) were
added to I (1.00 g, 0.68 mmol) and potassium carbonate (0.20 g, 1.45 mmol).
The mixture was stirred for 1 h at 20°C. At first I dissolved, then III gradually
precipitated. The precipitate was filtered off, dissolved in chloroform and the
solution was dried with potassium carbonate. White crystals of III were pre-
cipitated by adding two volumes of ether; yield 0.97 g (97%), m.p. 244—245°C.
Found: C, 48.34; H, 3.32; Au, 42.12; N, 2.84. C3,H;0Au,N,P,, caled.: C, 48.15;
H, 3.10; Au, 40.51; N, 2.89%. IR (cm*): 2180m (CN).

Tris(triphenylphosphinegold )dicyanomethane tetrafluoroborate (I'V)

aj Auration of maloniirile. A solution of malonitrile (0.10 g, 1.52 mmol) in
THF (40 ml) was added o I (1.00 g, 0.68 mmol). The mixture was stirred at
20°C until I dissolved completely (40 min), then the solutiocn was evaporated
under reduced pressure to a volume of 20 ml. Ether (60 ml) was added to the
residue and a precipitate of IV formed was separated and washed with ether.
Complex IV (0.87 g, 84%) was obtained, decomp. above 162°C (after repre-
cipitation from acetone with a 1/3 ether/hexane mixture). Found: C, 45.21;
H, 2.97; Au, 31.70; F, 5.14; N, 1.80. Cs;H,;;Au;BF;N,P;3, caled.: C, 45.07; H,
2.90; Au 32.30; F, 5.00; N, 1.84%. IR (cm™!): 2200m (CN).

b) Reaction of IIT with Ph;PAu"BF, . The solution of Ph;PAu"BF4 prepared
from Ph;PAuCl (0.27 g, 0.55 mmol) and AgBF, (0.12 g, 0.62 mmol) in THF
(30 ml) was added to the suspension of III (0.50 g, 0.51 mmol) in THF (10 ml).
The solution of IV so obtained was filtered and evaporated to a volume of 20
ml. Complex IV (0.78 g, 100%) was precipitated from the residual solution
with a hexane/ether (1/3) mixture. IR (cm™'): 2200m (CN).

Reaction of IV with NaCl

A solution of IV (0.50 g, 0.33 mmol) in CHCI; (20 ml) was added to a
saturated aqueous solution of NaCl (20 ml) and the mixture was stirred at
20°C for 20 min. The organic layer was separated, washed with water and dried
with potassium carbonate. After adding two volumes of ether, diaurated malo-
nitrile (ITI) precipitated from the solution with an admixture of Ph;PAuClI, the
latter partially remained in the solution. The precipitated III was carefully
washed with benzene to remove Ph;PAuCl, and complex III was obtained (0.32
g, 98%), m.p. 244—245°C. A benzene extract was combined with the mother
liquor left after precipitation of III with ether and the solvent was evaporated
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to dryness under a reduced pressure. Ph;PAuCl (0.14 g, 88%) was obtained,
m.p. 240—241°C (lit. [21]: m.p. 243—244°C).

Reaction of IV with potassium carbonate

Potassium carbonate (0.10 g, 0.73 mmol) and water (0.5 ml) were added to
the solution of IV (0.20 g, 0.13 mmol) in THF (20 ml). The mixture was stirred
for 30 min at 20°C. The precipitate formed was filtered off, dissolved in CHCI,
and the solution was dried with potassium carbonate. The mixture of I and 111
was precipitated by adding an excess of ether. The precipitate was washed with
acetone (60 ml in 3 portions); III (0.12 g, 94%) was obtained. The acetone
extract was evaporated to dryness under reduced pressure, and the residue was
dissolved in a small volume of CHCl;. The solution so obtained was treated
with an aqueous solution of NaCl. The aqueous layer became alkaline by phenol
phtalein indicator and chloro(triphenylphaosphine)gold appeared in the organic
layer (found by a thin-layer chromatography on Al,0,), indicating the presence
of oxonium salt I in the residue [1].
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