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Pierre D. Harvey,*e8 Marc Drouin,b Andre Michel * e b  and Daniel Perreault8 
a Departement de Chimie, Universite de Sherbrooke, Sherbrooke, Quebec J 7 K 2R 7, Canada 

Sherbrooke, Quebec, J7 K 2R 7 ,  Canada 
Laboratoire de Diffraction des Ra yons-X, Departement de Chimie, Universite de Sherbrooke, 

The complexes [Ag,,LJ,] (n = 2-4, L = 1,8-diisocyano-p-menthane) have been prepared from the direct 
reaction of Agl with L in the appropriate stoichiometric amount and have been identified either by chemical 
analysis and fast atom bombardment mass spectroscopy (n  = 2 or 4), or by X-ray crystallography (n = 2 
or 3). Addition of excess of L to benzene solutions of Agl, [Ag,LJ,] or [Ag3LJ3] always led to [Ag,LI,], 
indicating that the synthesis of the Ag, complexes from Agl must proceed via the formation of the Ag, and 
Ag, species. The single-crystal X-ray analysis of [Ag,LJ,] reveals the formation of a quasi-isosceles 
triangular Ag, structure [apex angle 44.55(7)"] with the following r(Ag - Ag) values: 3.633(4), 
3.760(4) and a relatively short one of 2.805(4) A. The triangular structure is bicapped by two iodine atoms 
[r(Ag-I) ranging from 2.789(3) to 3.085(5) A], while the third iodine atom bridges t h e  two least separated 
Ag atoms. The Raman-active v(Ag,) mode associated with this short binding is observed at 122  cm-' (with 
a force constant, F extracted from the diatomic approximation, of 0.47 mdyn A-1). These non- bonding 
Ag Ag interactions correspond approximately to an Ag-Ag bond order of x0.5. 

The use of bridging ligands such as diisocyanides and 
diphosphines in the synthesis of polynuclear silver and gold 
complexes leads to the formation of dimeric,"2 trimeric,j 
polymeric and quasi-unidimensional structures in the solid 
state.' We have recently prepared and characterized by X-ray 
crystallography and Raman spectroscopy a series of complexes 
[Ag,L,X,] [L = 1,8-diisocyano-p-menthane; X = C1, Br or I 
(Scheme 1 )] 6u which exhibit interesting luminescence proper- 
ties6' During the course of our studies we have observed that it 
was possible to synthesise the trimeric and tetrameric forms of 
[Ag,,L,I,,] complexes (n = 3 or 4) and that these two forms 
could easily be converted into the dimeric form. We now report 
the preparation of such complexes, and in particular the 
crystal structure of the [Ag,L,L,] complex, in which a 
relatively short non-bonded Ag Ag distance via a ( ~ - 1 ) ~  
bridge is observed. 

Experimental 
Materials.-Diisocyanide L,' [Ag2L,12],6 [Ag,(dppm),- 

Br,]Br [dppm = bis(dipheny1phosphino)methanel and [Pd3- 
(dppm)3(CO)][CF,C0,]2 were prepared according to known 
procedures. Silver iodide was prepared from the direct 
reaction of AgNO, with NaI in water and dried in uucuo for 
several days. The purity of the materials was checked by 
elemental analysis. 

Preparations.-[Ag4L,14]. Silver iodide (0.47 g, 2 mmol) was 
suspended in benzene (20 cm3) containing L in stoichiometric 
amount (0.35 g, 1 mmol), and stirred for 12 h at 40°C. The 
crude white product was filtered and washed with benzene. 
Purification was performed by dissolving the white solid in a 
minimal amount of slightly warm acetonitrile, and precipitating 

t Supplementury data available: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1993, Issue 1, pp. xxiii-xxviii. 
Non-SI unit employed: dyn = 1 x N. 
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Scheme I X = C1, Br or I 

it with diethyl ether. The bright white solid was washed with 
ether.Yield ~7O%(Found:C,22.30;H,2.85;Ag,33.30;1,39.15; 
N, 2.20. C24H,6Ag41,N4 requires C, 22.30; H, 2.80; Ag, 33.40; 
I, 39.30; N, 2.15%). Fast atom bombardment (FAB) mass 
spectrum: m/z 1165, A&L213'+ and 1038, Ag,L212'+. IR (CsI): 
2176 cm-' [v(NzC)]. All attempts to obtain crystals suitable for 
X-ray diffraction analysis uniformly failed. 

[Ag,L,I,]. Silver iodide (0.47 g, 2 mmol) was suspended 
in benzene (20 cm3) containing L (0.528 g, 1.5 mmol), and 
stirred for 12 h at 40 "C. The crude white product was filtered 
off and washed with benzene. Purification was as for 
[Ag4L2L4]. Yield ~ 8 0 %  (Found: C, 27.35; H, 3.40; Ag, 31.00; 
I, 36.85; N, 2.70. c2,H3,Ag3I3N, requires C, 27.25; H, 3.45; 
Ag, 30.60; I, 36.00; N, 2.65%). IR (CsI): 2175 cm-' [v(N=C)]. 
Crystals suitable for X-ray crystallography were obtained by 
slowly cooling a saturated solution of the product in ethanol, in 
a refrigerator maintained at - 5 "C. The X-ray analysis 
revealed that the crystals obtained were of [Ag,L,I,]-EtOH. 

[AgL21,]. Method (a). Silver iodide (0.47 g, 2 mmol) was 
suspended in benzene (20 cm3) containing L in excess of the 
required stoichiometry (1.41 g, 4 mmol), and stirred for I2 h at 
40 "C. Purification was performed as for [Ag,L,I,]. Yield 7 s  
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Table t Data collection and processing parameters 

Molecular formula 
M 
Colour and habit 
Crystal symmetry 
Space group 

b l A  
(./A 
UIA 
Z 
F( 000) 
D, lgcy  
ClIcm- 
Crystal size/mm 
Transmission factors 
Scan type 
Scan speed/ O min-' 
Scan range/ O 

Collection range (h,k, / )  
Unique data measured (n) 
Observed data [ I  2 2.5~(1, ,~~)]  
Number of variables p 
R( = C l l F o I  - l ~ c l l / ~ l ~ o l ~  

R'( = C W I F O I  - I ~ c I ) 2 / w ~ 0 1 1 + )  
Weighting scheme 
S (  = CCH'(F0I - F,I2/(n - @I+) 
Residual extrema in final difference 

Secondary extinction coefficient 
maple A-3 

C24H36Ag313N4.C2H60 
112.95 
Colourless stick 
Orthorhombic 
Pcab (no. 61) 
1 5.7290( 8) 
16.8566(11) 
30.1498( 16) 
7993.8( 8) 
8 
4272 
1.850 
37.6 
0.08 x 0.08 x 0.20 
0.43 16,0.4347 
0-20 
2.7 
2 d 20 d 40 
S 1 5 ,  &16,&29 
3727 
2192 
328 
0.067 
0.064 

2.7 
1 / 0 2 ( F )  

- 1.20, + 1.35 

0.09( 1 ) 

Scheme 2 (i) 0.5 L, (ii) excess of L, (iii) AgI, ( i v )  0.67 L 

80% (Found: C, 35.10; H, 4.45; Ag, 25.90; I, 29.90; N, 3.30. 
C,,H,,Ag,I,N, requires C, 35.05; H, 4.40; Ag, 26.25; I, 30.85; 
N, 3.40%). IR (Csl): 2176 cm-' [v(N=C)]. Crystals suitable 
for X-ray crystallography were obtained in the same way as 
for [Ag,L,I,]. Analysis reveals that the crystals are of 
[Ag,L,I,]-EtOH. The structure will be published elsewhere. 

Method (b). The complex [Ag,L,14] (1.29 g, 1 mmol) was 
suspended in benzene (20 cm3) with a large excess of (0.70 g, 
2 mmol) and stirred for 12 h at 40 "C. Purification was as for 
[Ag,L,I,]. Yield >90%. The compound was identified by 
comparison of its chemical analysis and the UV/VIS spectrum 
with the product obtained by method (a) above. 

Method (c). The complex [Ag,L,I,] (0.26 g, 0.25 mmol) was 
suspended in benzene (10 cm3) with a large excess of L (0.18 g, 
0.5 mmol) and stirred for 12 h at 40 "C. Purification was 
as for [Ag,L,I,]. Yield ~ 6 0 % .  The compound was identified 
by comparison of its chemical analysis and the UV/VIS 
spectrum (as above). 

Instrumentation.-The Fourier-transform IR (40W200 
cm-') spectra were obtained on a Bomem (MB-102) spec- 
trometer. Mass spectra were acquired using a Kratos MS-50 
TCTA spectrometer and a FAB 11 N F  model Iontech saddle 
field source operating at 70 kV with 2 mA current. The samples 
were in thiolglycerol matrices. Elemental analyses (C,H,N) were 
performed by Guelph Chemical Laboratories, Ltd. (Guelph, 
Ontario), and in our department using a KEVEX-700 X-ray 
emission spectrofluorometer operating at 60 kV (Ag, I). 

The Raman spectra were measured on two different 
spectrometers. For the solid silver complexes, an Instruments 
SA Raman spectrometer equipped with a U-1000 Jobin-Yvon 
1.0 m double monochromator was employed using either the 

647.1 nm red line or the 514.5 nm green line of Spectra-Physics 
argon ion lasers, for excitation. A BOMEM FT-Raman model 
spectrometer was used for the solid [Pd,(dppm),(CO)]- 
[CF,CO,], sample (due to laser sensitivity of the compound). 
300 Scans were acquired with 100 mW laser power at the sample 
with a 4 cm-' resolution (no smoothing). A Notch filter was 
employed with a cut-off at z 90-100 cm-'. The UV/VIS spectra 
were measured using a Hewlett-Packard (HP8452 A) diode 
array spectrophotometer. 

Crystallography.-Crystal data. A colourless stick shape 
crystal was mounted in a capillary tube for X-ray crystal- 
lographic analysis in the presence of mother-liquor to avoid 
emorescence. Diffraction intensities were measured at 293 K 
on an Enraf-Nonius CAD-4 diffractometer equipped with 
graphite-monochromated Mo-Ka radiation (A = 0.710 73 A) 
running the NRCCAD9" control program. An w 2 8  scan was 
used at a speed of 2.7" min-'. The unit-cell parameters were 
obtained by least-squares refinement using the coordinates of 24 
reflections, centred using the TRUANG option of NRCCAD, 
thereby minimizing the effects of instrumental and crystal- 
alignment errors. Lorentz and polarization factors were applied 
and absorption corrections were made using interpolation 
methods from the ABSORP program of NRCVAX.9b The 
structure was solved by direct-method techniques and sub- 
sequent difference syntheses. The H atoms were generated 
geometrically and included in structure-factor calculations but 
not refined. A A F  map revealed the presence of a disordered 
ethanol molecule. Crystal data are summarized in Table 1.  
Refinement was by full-matrix least squares with weights based 
on counter statistics. All non-H atoms were refined with 
anisotropic thermal parameters except for the disordered 
ethanol molecule which was assigned isotropic thermal 
parameters. Computations were performed using the NRCVAX 
suite of crystal structure programs. Scattering factors were 
taken from ref. 9(c). The final residual densities were located in 
the vicinity of the Ag atoms. No H-bond distances were found 
between the oxygen atom of the ethanol molecule and the other 
atoms [O( l ) - - - I (3)  5.01, O(l) .--Ag(2) 5.39, O( l ) . . -N( l )  
5.29 A]. The poor quality of the crystal and data prevented 
better refinement. Furthermore, this poor quality and the small 
size of the crystal did not allow us to observe any reflections at 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

e > 400. 

Results and Discussion 
With the appropriate stoichiometric amounts of L and AgI, the 
[Ag,L,I,] complexes (n = 2 4 )  are easily prepared in good 
yields. Furthermore, [Ag,L,I,] can also be prepared from 
[Ag,L,I,] or [Ag,L,I,] using an excess of L. Scheme 2 
summarizes these syntheses. Since the polynuclear products 
appear to be practically identical according to IR and 'H NMR 
spectroscopy, identification can only be made reliably by 
chemical analysis. On the other hand, the UV/VIS spectra 
exhibit relatively sharp features at different wavelengths (Fig. 1) 
and are convenient for the identification of the products. 
Appropriate stoichiometric additions of AgI to a solution of 
[Ag,L,I,] in acetonitrile at 298 K produces the [Ag,L,I,] and 
[Ag,L,I,] clusters which were identified by UV/VIS spec- 
troscopy (Fig. 1). These results indicate that the diisocyanide L 
is labile (see Scheme 2). 

The above results show that the mechanism for the formation 
of the [Ag,L,I,] dimer from AgI must proceed via the initial 
preparation of higher nuclearity complexes, in particular 
[Ag,L,I,]. The conversion of [Ag,L,I,] into [Ag,L,I,] was 
not studied in this work, but it appears that such a conver- 
sion should occur. Nardin and co-workers have reported 
the preparation and X-ray structures of [Cu,(dppm),Cl,] +, 
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[Cu,(dppm),I,J and [Cu,(dppm),X,] (X = C1, Br or I), and 
have proposed a mechanism for the formation of some of the 
complexes. No proposed interpretation of the possible con- 
version of Cu, into Cu, species was however provided. 

The X-ray analysis of [Ag,L,I,] reveals a butterfly-type 
structure (Fig. 2, Tables 1-3) which exhibits a triangular 
geometry for the silver atoms with two long Ag Ag distances 
[3.633(4) and 3.760(4) A], and one relatively short [2.805(4) A] 
[apex angle 44.55(7)O]. The long Ag Ag separations 
[Ag( 1 ) Ag( 2) and Ag( 1 ) Ag( 3)] are induced by the 
presence of the bridging L ligands, which normally exhibit a 
bite distance of 254.4 A.12 The orientation of these ligands is 
head-to-head, and does not exhibit the disordered structure 
(head-to-tail and head-to-head) commonly encountered l 2  for 
complexes of L. Two of the iodine atoms triply bridge each face 
of the triangular structure with Ag-I distances ranging from 

0.2 { \ 

200 250 300 350 400 
Unm 

Fig. 1 
3(c)]  in ethanol at 77 K 

UV/VIS spectra of the [AgnL,I,] complexes [n = 2(a), 4(6) or 

2.789(3) to 3.085(5) A [average 2.98(10) A]. These values 
appear to be somewhat longer (on avera e) than those found in 
[Ag,L,I,] [2.9050(13) and 2.9335(12) 1],6 in AgI (2.87 A),', 
the closely related silver iodide polymeric [Ag,I,] - ion r[(AgI) 
2.89(9) A] and the h e a r  [Ag,I8I4- cluster [r(AgI) 2.83( 16) 
A], l4 indicating that the Ag-I bonding possesses some ionic 
character (for a covalent bond, rAg + rI = 1.44 + 1.33 = 2.77 
A; cf. an ionic interaction, rAg + rI = 1.08 + 2.06 = 3.14 A)." 
Iodine atom I(3) bridges the shortly separated silver atoms 
[Ag(2), Ag(3)] with Ag-I bond distances of 2.830(4) and 
2.789(4) 8, indicating that these Ag-I bonds are essentially 
covalent in nature. The Ag-C bond distances [2.09(8) .$I are 
somewhat smaller than those found in the dinuclear silver 
diylide complex [Ag2{p-[{CH(C02R)}2PPh2]}2] [r(Ag-C) 
2.183(2) and 2.169(2) A].16 

The Ag(2) Ag(3) distance [r(Ag,)] of 2.805(4) 8, where 
formally non-bonding Ag Ag interactions occur is shorter 
than that found in most Ag, species in which no formal Ag-Ag 
bond is present.6 The only known exception is [Ag,(Ph- 
NNNPh),] for which Ag .**Ag  2.669 A.17 Other relatively 
short Agf Ag' contacts (2.564-2.796 A) have been 
observed in the solid state for polymeric silver d" materials.'* 
In order to quantify the strength of the Ag Ag interactions, 
v(Ag2) was measured from Raman spectroscopy. Since 
[Ag,L,I,] is laser sensitive, no polarization study could be 
performed and therefore assignment of this mode was based 
upon comparisons with related species. Fig. 3 shows the Raman 
spectrum of [Ag3L,13] and of two related cyclic trinuclear 

(CO)]2+(C3v) for which the average r(Ag2) and r(Pd,) values 
are 3.30, and 2.60 respectively. The two v(Pd,) modes 
(a, + e) are easily assigned (from spectral comparison of the 
two latter clusters) at 205 and 143 cm-'. The observed frequency 
ratio [205(aI)/143(e) = 1.43) is consistent with the theoretically 
predicted value for an equilateral structure [v(a,)/v(e) = 2*]. 
Bearing in mind that v(Ag,) is observed at 80 cm-' for 
Ag,(O,CCF,), [r(Ag,) 2.967(3) A],19 and that the v(Pd,) e 
mode in [Pd3(dpprn),(CO)l2+ is located at 143 cm-', v(Ag,) 
for the Ag(p-I),Ag moiety is then expected to lie between these 

complexes CAg,(dppm),Br,l+ P 3 h )  and CPd,(dppm),- 

c(i 0) 
Fig. 2 Molecular structure of [Ag,L,I,], and ORTEP representation ' showing 50% probability ellipsoids. The H atoms are not shown for clarity 
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Table 2 Atomic coordinates with estimated standard deviations 
(e.s.d.s) in parentheses 

Y 

0.413 24(17) 
0.296 42(20) 
0.195 43(23) 
0.263 02( 17) 
0.373 58( 17) 
0.131 67(15) 
0.1302(18) 
0.384 9( 14) 
0.41 5 O( 14) 
0.574 4( 14) 
0.150 3(2l) 
0.1 16 7(18) 
0.191 4(21) 
0.277 7( 18) 
0.278 6( 17) 
0.205 2( 19) 
0.1 19 8(21) 
0.364 4(24) 
0.396 2( 19) 
0.032 l(21) 
0.363 2(3) 
0.438 l(21) 
0.373 7( 17) 
0.476 4( 16) 
0.488 2(23) 
0.518 3(19) 
0.601 5(17) 
0.595 5( 17) 
0.559 4(20) 
0.638 O( 17) 
0.514 O(20) 
0.446 5(22) 
0.717 7(19) 
0.651 8( 19) 
0.757 O(21) 
0.648(4) 
0.684(4) 
0.888( 5) 
0.822(5) 

Y 
0.334 70( 13) 
0.517 82(17) 
0.409 99( 18) 
0.352 77( 13) 
0.457 86( 13) 
0.560 84( 12) 
0.267 O( 15) 
0.161 8(13) 
0.596 6( 12) 
0.384 5( 12) 
0.322 7( 19) 
0.191 6(17) 
0.188 4( 17) 
0.177 5(17) 
0.103 8(16) 
0.1 12 3(17) 
0.122 5(19) 
0.092 7( 15) 
0.221 l(17) 
0.197 O(21) 
0.021 5(20) 
0.078 4(21) 
0.573 4( 15) 
0.616 8(14) 
0.550 9( 17) 
0.475 6( 16) 
0.488 8( 14) 
0.555 9( 15) 
0.632 4( 17) 
0.413 O(14) 
0.367 l(16) 
0.693 l(17) 
0.424 8( 18) 
0.347 l(17) 
0.666 O( 17) 
0.6 3 8(4) 
0.680( 3) 
0.695(4) 
0.683(4) 

0.12646(8) 
0.14436(10) 
0.097 OO( 12) 
0.183 65(9) 
0.063 58(8) 
0.1 I5 31(7) 
0.035 4(8) 
0.077 3(7) 
0.221 l(7) 
0.186 9(7) 
0.055 5( I 1) 
0.009 7( 10) 

-0.021 6(9) 
-0.001 3(10) 

0.029 2(9) 
0.062 7( 10) 
0.041 l(10) 
0.049 6( 10) 
0.094 7(9) 

0.08 I 7( 13) 
0.016 5(11) 
0.193 4(9) 
0.255 5( 10) 
0.288 8( 10) 
0.267 5(9) 
0.242 6(9) 
0.209 O(9) 
0.230 I (  10) 
0.21 9 9(9) 
0.163 2( 8) 
0.278 3( 12) 
0.1977(11) 
0.253 6( 10) 
0.125 7(10) 
0.084 3(20) 
0.1 1 2 6(20) 
0.150 3(24) 
0. I64 3(23) 

-0.012 O(13) 

* Disordered carbon atoms of ethanol solvent were treated as 
C(25)-C(26) and C(25')-C(26') and each given half occupancy. 

Table 3 Selected bond distances (A) and angles (") with e.s.d.s in 
parentheses 

3.633(4) 
3.760(4) 
2.805(4) 
2.94 1 (4) 
2.880( 3) 
3.069(4) 
2.904(4) 
2.8 30( 4) 
2.98 1 ( 5 )  
3.085( 5) 
2.789(4) 
2.16(3) 
2.01 (3) 
2.13(3) 
2.06(3) 

97.89( 10) 
94.58( 10) 

101.24(11) 
102.26( 1 1 ) 
92.69( 1 1) 

104.47( 12) 
98.79( 12) 
74.34(9) 
78.83( 10) 
5 5.22(9) 
77.8 3( 9) 
78.06( 10) 
5 5.76( 9) 
59.88( 10) 
44.55( 7) 
70.13(10) 
65.32( 10) 

limits. The observed signal at 122 cm-' for [Ag,L,I,] [Fig. 
3(a)] may well be due to this stretching mode. 

This value compares particularly favourably with literature 
data for disilver compounds with similar r(Ag,) values (Table 
4). Furthermore, the Raman spectrum of [Ag,L,I,] resembles 
that for [Ag,L,I,] except that the 122 cm-' feature is absent 

1.6 

- 1.2 4 
2 

9 

" 
80.0 166.0 24b.0 32b.0 

G/cm' 

Fig. 3 Comparison of the Raman spectra of [Ag,L,I,] (a), 

solid state. Experimental conditions for the micro-Raman spectra 
(silver clusters only): laser power (at the sample) 5-10 mW, laser 
excitation 514.5 nm, 300 pm slits, 2s per point at every 1 cm-', 
32 x objective, one scan, no smoothing. For [Pd,(dppm),- 
(CO)][CF,CO,],, the laser excitation was 1064 nm, and laser power 
z 100 mW 

CAg,(dppm),Br,IBr (b)  and CPd,(dPPm)3(CO)ICCF,C0,1, (4 in the 

Table 4 Structural and structural data for selected Ag, species 

v(Ag,)/cm-' F(Ag,) "/mdyn A-' r(Ag,)/A 
122* 0.47 2.806 
120.5' - - 

CAg,L, 131 
Ag, 
Ag, 3%+) 1 I t l d  0.44 2.814d 
[Ag,(PhNNNPh),] 1 14' 0.4 1 2.669/ 

20. Ref. 21. 'Ref. 6. Ref. 15. 
Using the diatomic approximation, F = p(271cv)~. This work. Ref. 

from the dimer spectrum, and hence confirms the assignment. 
The two v(Ag,) modes associated with the very weakly 
interacting Ag atoms [ r  z 3.70(6) A] are expected to appear 
below 48 cm-' (see data for [Ag,(dmpm),Br,][dmpw = 
bis(dimethylphosphino)methane], r(Ag,) 3.6 A} .4b Due to the 
complexity of the spectra, particularly in the low wavenumber 
range, no further analysis has been made. 

The v(Ag,) mode (122 cm-') is obviously mixed with v(Ag1) 
and should be considered more accurately as a breathing 
mode. Nevertheless, using the diatomic oscillator model, an 
approximated force constant, F, of 0.47 mdyn A-' is obtained 
(Table 4). This vibrator possesses practically the same spec- 
troscopic properties and r(Ag,) values as for Ag, - (Table 4) 
which exhibits formally an Ag-Ag bond order of 0.5. These 
Ag Ag interactions in [Ag,L,I,] are therefore relatively 
strong. 
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