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The tetrameric triphenylphosphine silver iodide, obtained by the reaction of triphenylphosphine with silver iodide, has been 
shown by single-crystal x-ray diffraction studies to exist in either a cubane- or a chair-like structure in the solid state. Slow 
crystallization of this complex from chloroform/ether afforded monoclinic crystals of centrosymmetric space group P21/c 
with a = 24.991 (5) A, b = 12.402 (3) A, c = 25.074 (6) A, B = 113.30 (7)O, V =  7137 (3) A3, and Z = 4. A complete 
structural analysis, with final reliability indices of R1 = 4.83% and R2 = 5.63%, revealed a cubane-like configuration defined 
by two interpenetrating silver and iodine tetrahedra situated on alternate corners of a highly distorted cube, with each silver 
atom being further coordinated to a triphenylphosphine ligand. The unusual degree of distortion from the idealized Td 
molecular symmetry is manifest in that the silver-.silver distances span from 3.1 15 (2) to 3.768 (2) 8, (3.483 8, (average)), 
the iodine-iodine distances vary from 4.399 (2) to 4.801 (2) 8, (4.582 A (average)). and the silver-iodine bond lengths 
range from 2.836 (2) to 3.037 (2) 8, (2.910 8, (average)). On the other hand, slow crystallization of (Ph3P)4Ag& from 
meth lene chloride/ether produced triclinic crystals of centrosymmetric space group Pi with a = 12.102 (3) A, b = 15.071 
(2) 1, c = 11.948 (2) A, a = 110.59 (I)’, /3 = 96.40 (2)O, y = 71.64 (2)O, V = 1936 (1) A3, and Z = 1 
((Ph3P)&g?Ip1SCH2C12). Structural analysis yielded R1 = 4.50% and R2 = 6.52%. The molecule has a crystallographically 
imposed C,- symmetry with the Ag& core defining a chair-like configuration. The silver-.silver, iodine-iodine, and 
silver-iodine distances range from 3.095 (1) to 4.315 (2), 4.505 (1) to 4.763 ( l ) ,  and 2.724 (1) to 2.995 (1) A, respectively. 
The silver-iodine bond lengths can be correlated with the coordination numbers of the silver and/or the iodine atoms. This 
unprecedented type of isomerism allows a direct stereochemical comparison between the cubane and the chair configurations. 
The intriguing stereochemical variations of the (R3Y)4M4X4 (R = CfjH5, C2H5; Y = P, As; M = Cu, Ag; X = C1, Br, 
I) family are rationalized in terms of intramolecular van der Waals repulsions involving the bulky1 terminal ligands and 
the bridging halogens. 

Introduct ion 
As part of a continuing effort to elucidate electronic2-9 us. 

stericlO-l‘l effects in dictating the stereochemistries of tet- 
rameric m eta1 cluster systems possessing a M4X4 (M = metal; 
X = bridgi ng ligand) core, we wish to report the synthesis and 
structural characterization of the title compound. Rather 

unexpectedly, we have found that (Ph3P)4Ag& is capable of 
existing in both a highly distorted cubane-like configuration 
(I) and a chair-like structure (11) in solid state. 

This unprecedented type of isomerism provides an excellent 
opportunity for a direct comparison of accurate molecular 
parameters of both forms which, along with other analogous 
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Figure 1. Highly distorted P,Ag,I, core of the cubane-like isomer 
of (Ph,P),Ag,I, (ORTEP diagram, 50% probability ellipsoids) 
with no crystallographic constraint. 

Figure 2. P,Ag,I, core of the chair-lie isomer of (Ph,P),Ag,I, 
(OETEP diagram, 50% probability ellipsoids) with crystallographic 
Ci-1 site symmetry. 

CUBANE CHAIR 

I II 

silver and copper systems, enable a detailed assessment of the 
dominant factors causing (1) the significant distortion of the 
cubane-like structures of (Ph3P)&g4X4 (X = C1, Br, 1)" and 
(Ph3P)4C~4C14,l*~ (2) the isomerization of (Ph3P)4Ag& to 
give both the cubane and the chair forms, and (3) the con- 
version from a cubane-like structure in (Ph3P)dCu&14 to a 
chair-like configuration in (Ph3P)dCu4X4 (X = Br, I).12d,e 
Experimental Data 

The compound (Ph3P)dAg414 was prepared by reacting AgI in 
saturated aqueous KI solution with a stoichiometric amount of 
triphenylphosphine in ether under constant stirring a t  room tem- 
perature. The white precipitate (initially formed a t  the solution 
interface) in the ether phase was filtered, washed thoroughly with 
saturated KI solution, water, ethanol, and ether, and vacuum-dried. 
Elemental analysis (Galbraith Laboratories, Knoxville, Tenn.) 
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Table I 

Cubane-like Chair-like 

[a) Crystal Data 

Crystal color Colorless Colorless- 
Crystal shape a 63 
Crystal face indices, i-(eoi, 0.13) f ( i i i ,  0.07) 

distance from centroid, f(J11, 0.13) t(100, 0.13) 
mm f(100, 0.18) f(OO1, 0.16) 

'(111, 0.14) f ( g 2 ,  0.21) 
f(111, 0.13) (21 1, 0.08) 
q i o i ,  0.18) ( o i l ,  0.16) 
+(ill, 0.17) 

Cell parameters (errors) 
12.102 (3) a, A 24.991 (5) 

b, a 12.402 (3) 15.070 (2) 
c, A 25.074 (6) 11.948 (2) 
a, deg 110.59 (1) 
9, deg 113.30 (7) 96.40 (2) 
Y, deg 71.64 (2) 

cell vol, A 3  7137 (3) 1936 (1) 
z 4 1 
dcalcd, g/cm3 1.850 1.815 
dobsd, g/Cm3 (by flotation) 1.86 1.84 
h u e  symmetry Monoclinic Triclinic 
Space group P2, /c  [c,h5; Pl(Cj1; 

No. 141'" NO. 2 y b  
Systematic absences h01,1= 2n + 1 None 

Equivalent positions *(x, Y ,  2) f(X, Y.  2 )  

O k O , k = 2 n + 1  

f (X> 1/2  -7, 
' 1 2  + z )  

(b) Collection and Reduction of the X-Ray Diffraction Data 
Diffractometer Syntex P i i6  Syntex Piifi  
Radiation Cgraphite MO Ka Mo Ka 

monochromated) 
Range of transmission 0.5 2-0.55 " 0.48-0.71" 
p, cm-I 29.28 29.20 

Scan speed (limits), 2-24 4 to 24 
Takeoff angle, deg 4 4 

Scan range, deg -2 -2 
E3ackground:scan time ratio 0.67 0.67 
Scan method 8-29 e-2e 
No./freq of std reflection 2/50 2/50 
Intensity variation of std +4% f 2% 

28 limits, deg 2-40 2-40 
Cutoff of obsd data 2 4 0  2 0 0  
Unique data 541718 364218 
P 0.05518 0.055 l 8  

Technique of solution Heavy atom 
Me.thod of refinement Full-matr ix least squares' -" 
Isotropic convergence R ,  = 8.13%', R ,  = 11.30% 

R ,  = 12.35% 
Is0 tropic-anisotropic R ,  =4.83% R ,  = 4.50% 

convergence R ,  =5.63% R ,  = 6.52% 
Max shifts (A/o) 

deg/min 

reflections 

(c) Solution and Refinement 

R ,  = 7.97%23 

0.04 (x, y ,  z) 0.04 (x, y ,  z) 
0.07 (B)  0.02 (B) 
- (solvent) 0.65 (solvent) 

Error of fit 1.35 1.70 
Data/parameter 37741397 29771223 
Anomalous dispersion cor 

AT (real)z4 -0.9(Ag),0.1(P),-0.5(1),0.1(C1) 
4f" (imag) 

final diff map, e/A3 

1.4 (Ag), 0.2 (P), 2.4 (I), 0.2 (Cl) 

vent); others 
<0.9 

Max residual intensity of 0.6 1.4 (near sol- 

suggested the stoichiometry (C&)3PAgI. Anal. Calcd: C, 43.49; 
H,  3.04; P, 6.23; I, 25.53. Found: C, 43.51; H,  3.03; P, 6.32; I, 24.88. 
Slow crystallization of this crude product from CHC13/Et20 afforded 
crystals of monoclinic symmetry which were shown by x-ray crys- 
tallographic studies to be a cubane-like tetramer. A similar crys- 
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Table I1 

Positional (XlO') and Isotropic Ther 

Boon-Keng Teo and Joseph C. Calabrese 

mal Parameters with Esd's for (Ph,P),Ag,I, (Cubane) 

X 

8 123.5 (5) 
7 025.6 (5) 
8 294.3 (5) 
6 666.8 (5) 
7 890.3 (6) 
8 282.4 (7) 
7 015.0 (6) 
6 917.6 (6) 
8 446.6 (18) 
9 042.6 (20) 
6 479.7 (20) 
6 150.9 (19) 
9 225 (6) 
9 578 (8) 

10 194 (8) 
10 421 (8) 
10 099 (9) 
9 472 (8) 
8 269 (6) 
8 375 (8) 
8 241 (10) 
8 041 (9) 
7 944 (9) 
8 062 (9) 
8 335 (7) 
8 761 (8) 
8 597 (10) 
8 064 (10) 
7 656 (10) 
7 786 (8) 
6 562 (7) 
6 212 (9) 
6 335 (10) 
6 799 (10) 
7 181 (11) 
7 045 (9) 
6 714 (7) 
7 175 (11) 
7 400 (13) 
7 108 (11) 
6 687 (11) 
6 471 (9) 
5 702 (8) 
5 343 (12) 
4 714 (15) 
4 515 (13) 
4 821 (17) 
5 463 (14) 
9 134 (7) 
9 002 (10) 
9 049 (11) 
9 265 (9) 
9 410 (12) 

10 379 (11) 
10 856 (9) 
10 827 (10) 
10 278 (9) 
8 906 (7) 
9 331 (9) 
9 216 (9) 
8 661 (9) 
8 253 (9) 
8 374 (8) 
6 317 (7) 
6 135 (9) 
6 280 (10) 
6 637 (8) 
6 854 (7) 
6 707 (7) 

Y z B, A2 Atom X Y Z B, A' 

6478.9 (9) 
6 729.9 (9) 
4 074.1 (10) 
3 982.0 (9) 
4 221.0 (12) 
6 384.7 (13) 
4 472.4 (11) 
6 369.6 (13) 
3 147.5 (34) 
7 397.6 (39) 
3 299.8 (38) 
7 281.8 (39) 
3 175 (13) 
2 357 (14) 
2 427 ( i 6 j  
3 305 (16) 
4 104 (17) 
4 035 (15) 
1 7 1 7  (12) 
1 119 (15) 

-5 (20) 
-439 (18) 

78 (19) 
1 223 (17) 
3 597 (12) 
4 113 (15) 
4 500 (18) 
4 305 (18) 
3 793 (17) 
3 435 (15) 
3 628 (13) 
3 263 (17) 
3 519 (18) 
4 106 (19) 
4 472 (20) 
4 237 (17) 
1 9 1 9  (13) 
1 6 6 8  (21) 

543 (26) 

41 (20) 
1 113 (18) 
3 255 (17) 
4 038 (21) 
3 939 (26) 
3 180 (28) 
2 481 (30) 
2 423 (25) 
8 781 (14) 
9 615 (20) 

10 725 (22) 
10 957 (18) 
10 113 (26) 
9 052 (21) 
6 835 (14) 
5 762 (18) 
5 200 (19) 
5 814 (17) 
6 860 (19) 
7 390 (17) 
7 467 (13) 
7 761 (16) 
7 811 (17) 
7 566 (16) 
7 224 (16) 
7 160 (14) 
7 330 (14) 
8 132 (17) 
8 114 (19) 
7 336 (16) 
6 571 (15) 
6 572 (14) 

-205 (21) 

2062.4 (5) 
3066.8 (5) 
3511.2 (5) 
1667.4 (5) 
2285.3 (6) 
3248.8 (6) 
2881.6 (6) 
1907.7 (6) 
1858.7 (19) 
4026.5 (19) 
3291.1 (19) 
1092.5 (19) 
2251 (6) 
2198 (7) 
2513 (8) 
2848 (8) 
2917 (8) 
2605 (8) 
1757 (6) 
1356 (8) 
1289 (10) 
1656 (10) 
2060 (9) 
2130 (9) 
1132 (6) 
1020 (8) 
426 (10) 

21 (9) 
137 (10) 
703 (8) 

4014 (7) 
4295 (9) 
4874 (10) 
5166 (10) 
4937 (11) 
4351 (9) 
3335 (7) 
3206 (10) 
3261 (13) 
3437 (10) 
3594 (10) 
3554 (9) 
2899 (8) 
2931 (11) 
2614 (14) 
2312 (14) 
2159 (15) 
2502 (13) 
3879 (7) 
4139 (10) 
3970 (11) 
3576 (9) 
3330 (12) 
3459 (11) 
4262 (7) 
4224 (9) 
4445 (10) 
4691 (8) 
4744 (9) 
4509 (8) 
4681 (7) 
5200 (9) 
5721 (9) 
5662 (8) 
5164 (9) 
4671 (8) 

449 (7) 
44 (9) 

-444 (10) 
-496 (8) 

-92 (8) 
397 (7) 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

4.2 (4) 
5.8 (5) 
7.0 (5) 
6.5 (5) 
7.6 (6) 
6.3 (5) 
4.0 (4) 
6.4 (5) 
9.6 (7) 
8.6 (6) 
8.8 (6) 
7.9 (6) 
4.4 (4) 
6.2 (5) 
9.0 (7) 
8.4 (6) 
8.8 (6) 
7.0 (5) 
4.5 (4) 
8.4 (6) 
8.8 (6) 
9.1 (6) 

10.4 (7) 
8.2 (6) 
5.1 (4) 

10.8 (8) 
13.4 (10) 
10.3 (7) 
9.4 (7) 
8.3 (6) 
6.8 (5) 

10.9 (8) 
13.5 (10) 
13.5 (10) 
16.3 (12) 
13.3 (9) 
5.5 (4) 
9.4 (7) 

11.1 (8) 
8.2 (6) 

12.7 (9) 
10.6 (7) 
5.0 (4) 
8.2 (6) 
9.2 (7) 
7.1 (5) 
8.9 (6) 
7.8 (6) 
4.6 (4) 
8.0 (6) 
8.4 (6) 
7.0 (5) 
7.2 (5) 
6.2 (5) 
5.0 (4) 
7.8 (6) 
9.3 (7) 
7.0 (5) 
6.1 (5) 
5.8 (5) 

5 453 (7) 
5 066 (9) 
4 513 (10) 
4 466 (11) 
4 811 (11) 
5 373 (9) 
5 962 (7) 
5 405 (9) 
5 309 (10) 
5 768 (10) 
6 292 (12) 
6 415 (9) 
9 408 

10 445 
10 842 
10 270 
9 230 
8 527 
8 333 
7 964 
7 813 
8 003 
9 157 
8 881 
7 977 
7 256 
7 480 
5 852 
6 090 
6 873 
7 560 
7 300 
7 365 
7 763 
7 192 
6 475 
6 138 
5 505 
4 481 
4 085 
4 615 
5 701 
8 875 
8 888 
9 312 
9 565 
9 416 
9 468 

10 394 
11 246 
11 187 
10 275 
9 743 
9 525 
8 566 
7 872 
8 077 
5 893 
6 109 
6 747 
7 116 
6 903 
5 162 
4 224 
4 056 
4 659 
5 617 
5 068 
4 881 
5 673 
6 619 
6 805 

6 545 (13) 
6 533 (17) 
5 929 (20) 
5 405 (19) 
5 411 (19) 
6 007 (16) 
8 691 (13) 
9 085 (17) 

10 195 (19) 
10 851 (18) 
10 470 (21) 
9 351 (18) 
1 7 2 6  
1 8 3 7  
3 312 
4 756 
4 588 
1 5 0 0  
-397 

-1 220 
-341 
1 6 3 4  
4 231 
4 924 
4 525 
3 657 
3 082 
2 852 
3 214 
4 354 
4 805 
4 528 
2 189 

345 
-1 005 

-497 
1 2 6 8  
4 690 
4 579 
3 123 
1 9 0 7  
1 8 9 9  
9 478 

11 314 
11 720 
10 208 
8 462 
5 313 
4 402 
5 456 
7 323 
8 183 
7 875 
8 061 
7 637 
6 963 
6 928 
8 727 
8 682 
7 358 
6 024 
6 003 
6 923 
6 031 
5 053 
4 945 
5 992 
8 581 

10 473 
11 614 
10 986 
9 076 

857 (7) 5.2 (4) 
286 (9) 8.0 (6) 
156 (10) 9.7 (7) 
596 (11) 9.7 (7) 

1116 (10) 9.6 (7) 
1304 (8) 7.6 (6) 
1163 (7) 4.5 (4) 

896 (9) 7.8 (6) 
981 (10) 8.5 (6) 

1269 (9) 8.7 (6) 
1516 (11) 10.7 (8) 
1490 (9) 7.9 (6) 
1940 7.0b 
2472 7.0 
3076 7.0 
3172 7.0 
2668 7.0 
1083 7.0 

972 7.0 
1580 7.0 
2320 7.0 
2465 7.0 
1313 7.0 

334 7.0 
-390 7.0 
-167 7.0 

809 7.0 
4065 7.0 
5064 7.0 
5584 7.0 
5176 7.0 
4161 7.0 
3065 7.0 
3233 7.0 
3460 7.0 
3746 7.0 
3680 7.0 
3201 7.0 
2661 7.0 
2147 7.0 
1883 7.0 
2398 7.0 
4455 7.0 
4175 7.0 
3466 7.0 
3013 7.0 
3256 7.0 
4042 7.0 
4400 7.0 
4861 7.0 
4952 7.0 
4557 7.0 
5235 7.0 
6086 7.0 
6015 7.0 
5139 7.0 
4306 7.0 

98 7.0 
-757 7.0 
-841 7.0 
-131 7.0 

713 7.0 
-17 7.0 
- 304 7.0 

385 7.0 
1340 7.0 
1712 7.0 
696 7.0 
775 7.0 

1297 7.0 
1724 7.0 
1717 7.0 
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Anisotropic Thermal Parameters (XlO‘) with Esd’s 

Atom P I  1 

20.9 (2) 
24.2 (2) 
26.0 (3) 

26.0 (3) 
30.9 (4) 
32.6 (3) 
25.4 (3) 
18.6 (9) 
25.2 (10) 
24.1 (10) 
18.3 (9) 

\ 22.8 (2) 

0 2 2  

71.7 (10) 
69.5 (10) 
84.4 (11) 
81.1 (11) 
94.5 (13) 

106.5 (15) 
78.6 (13) 

129.6 (17) 
56.2 (38) 
84.6 (46) 
75.8 (44) 
91.6 (47) 

0 3 3  

26.2 (3) 
26.7 (3) 
25.2 (3) 
27.4 (3) 
32.7 (3) 
27.2 (4) 
35.5 (3) 
26.2 (3) 
22.8 (9) 
21.2 (10) 
24.1 (10) 
23.1 (10) 

P I 2  

-3.5 (4) 
5.5 (4) 
6.0 (5) 

-4.0 (5) 
4.5 (6) 

-2.6 (7) 
-6.8 (6) 

7.0 (7) 
0.9 (16) 
1.7 (19) 

0.6 (18) 
-10.8 (18) 

P I 3  

9.8 (2) 
9.1 (2) 
8.5 (2) 
8.9 (2) 

16.1 (2) 
5.7 (3) 

18.9 (2) 
6.9 (3) 
9.0 (7) 
9.5 (7) 

11.3 (7) 
8.8 (7) 

0 2 3  

10.6 (5) 
-9.9 (5) 

8.0 ( 5 )  
-3.1 (5) 
-1.5 ( 6 )  
-8.9 (7) 

3.1 (6) 
11.4 (7) 
0.2 (17) 

-2.3 (19) 
-3.2 (18) 
-2.6 (19) 

a Anisotropic thermal parameters (X104) of the form exp[-(h2plI + k’p,, t I’p,, + 2hkp1, + 2hlp,,  + 2klp,,)] are given in the second part 
of this table. Hydrogen atoms were calculated at C-H distances of 1.00 A and assigned constant isotropic thermal parameters of 7.00 A’. 

W 

Figure 3. Stereochemistry of the cubane-like (Ph,P),Ag,I, 
molecule. 

tallization from CH2Clz/Et20 produced crystals of triclinic symmetry 
(along with some crystals of morphology similar to those obtained 
from CHC13) which were shown by structural studies to adopt a 
chair-like configuration. 

The crystallographical details of the two phases of (Ph3P)dAg414 
are summarized in Table I. 

The final positional and thermal parameters, with errors estimated 
from the full variance-covariance matrix, are listed in Tables I1 and 
III for the cubane and the chair isomer, respectively. 

Results and Discussion 
I. Description of the Structures. The two isomers of 

(Ph3P)&g& are portrayed in Figures 1-4.25 The cubane-like 
structure (Figures 1 and 3) is composed of four silver and four 
iodine atoms situated at alternate corners of a highly distorted 
cube with each silver atom being further coordinated to one 
triphenylphosphine ligand. The chair-like (Figures 2 and 4) 
configuration can be considered as derived from the cu- 
bane-like structure via cleavage of one of the six nonplanar 
Ag212 faces (rupture of two Ag-I bonds) followed by rotation 
of one adjacent Ag212 face by approximately 180’. 

It is interesting to note that the cubane isomer is not iso- 
morphous with the (Ph3P)4AgdC14l l b  homologue (the former 
has a highly distorted cubane-like structure with no crys- 
tallographic constraint in P21/c whereas the latter has a 
somewhat distorted cubane-like structure with crystallographic 
C2-2 site symmetry in Pbcn); nor is the chair isomer iso- 

Figure 4. Stereochemistry of the chair-like (Ph,P),Ag,I, 
molecule. 

morphous with its structurally analogous ( P ~ ~ P ) ~ C U & ~ ~ ~  (the 
former belongs to Pf whereas the latter belongs to C2/c; both, 
however, have a crystallographically imposed center of 
symmetry). 

The crystal structures of both the cubane and the chair-like 
phases are composed of isolated molecules separated by van 
der Waals distances. The latter, however, incorporates solvent 
(CH2C12) of crystallization. Tables IV-VI1 list the pertinent 
intramolecular distances and bond angles for the cubane and 
the chair forms, respectively. 

The structural characteristics of these two isomers of 
(Ph3P)4Ag& can be described as follows. 

Cubane-like (Ph3P)&g414. The most intriguing feature of 
this cubane-like structure is its unusual degree of distortion 
from the idealized T d  symmetry. 

This unusual degree of nonsystematic distortion manifests 
itself in the following molecular parameters. First, the sil- 
ver-silver distances s an from 3.1 15 (2) to 3.768 (2) A with 

distance over a range of 0.65 A is rather remarkable. Though 
all six Age-Ag distances are best considered as nonbonding 
from electronic reasonings, the shortest one (3.1 15 (2) A) is 
only 0.226 longer than the 2.889-A value found in silver 

Second, the 1-1 distances vary from 4.399 (2) to 

an average of 3.483 x . This variation of the metal.-metal 
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Table I11 

Boon-Keng Teo and Joseph C. Calabrese 

Positional (x104) and Isotropic Thermal Parameters with Esd’s for (Ph,P),Ag,I, (Chair) 

Atom X Y Z B, A’ Atom X Y z B , A 2  

3 689.1 (7) 
6 539.1 (7) 
4 310.6 (8) 
6 134.3 (9) 
2 869.4 (27) 
7 349.7 (26) 
2 825 (10) 
3 782 (11) 
3 791 (13) 
2 834 (14) 
1 8 6 9  (16) 
1 8 3 1  (15) 
3 175 (10) 
3 231 (13) 
3 513 (16) 
3 760 (15) 
3 683 (15) 
3 392 (13) 
1 3 7 6  (9) 

557 (10) 
-579 (11) 
-903 (13) 

-91 (13) 
1 0 5 7  (12) 
7 357 (9) 
6 333 (10) 
6 273 (12) 
7 260 (13) 
8 273 (13) 
8 343 (1 1) 
6 888 (10) 
6 702 (12) 
6 311 (14) 
6 095 (13) 
6 272 (13) 
6 713 (12) 
8 873 (10) 
9 343 (11) 

10 520 (12) 
11 209 (11) 
10 765 (12) 
9 572 (11) 

800 (21) 
700 (20) 

-755 (15) 
-735 (16) 

-852 (28) 
1 312 (17) 

821.0 (6) 
2 142.5 (6) 
2 432.4 (7) 

356.6 (7) 
4 003.5 (23) 

5 035 (9) 
5 022 (10) 
5 828 (11) 
6 605 (12) 
6 663 (13) 
5 865 (13) 
4 400 (9) 
5 334 (12) 
5 574 (15) 
4 908 (14) 
3 967 (14) 
3 690 (11) 
3 961 (8) 
4 530 (9) 
4 455 (10) 
3 855 (11) 
3 293 (11) 
3 330 (10) 

-454.1 (23) 

-1 738 (8) 
-1 963 (9) 
-2 917 (10) 
-3 650 (11) 
-3 426 (11) 
-2 463 (10) 

193 (9) 
1 190 (11) 
1 7 5 0  (12) 
1 2 8 1  (12) 

301 (12) 
-268 (10) 
-537 (8) 
-648 (9) 
-721 (10) 
-693 (10) 
-613 (10) 
-526 (9) 
2 569 (18) 
2 065 (17) 
2 228 (13) 
2 031 (14) 
2 624 (14) 
2 227 (25) 

1617.9 (7) 
923.3 (8) 

1510.9 (9) 
837.3 (9) 

2 475.8 (29) 
2 196.3 (27) 
2 033 (10) 
1 5 1 4  (12) 
1 155 (13) 
1 2 9 7  (14) 
1 8 2 1  (16) 
2 183 (15) 
4 064 (11) 
4 720 (14) 
5 935 (18) 
6 447 (16) 
5 858 (17) 
4 614 (14) 
2 361 (10) 
3 251 (11) 
3 040 (12) 
2 005 (14) 
1 133 (14) 
1 290 (13) 
1 879 (9) 
1 4 6 0  (11) 
1 182 (12) 
1 334 (13) 
1 728 (13) 
2 006 (1 1) 
3 758 (10) 
4 173 (13) 
5 353 (15) 
6 023 (14) 
5 676 (15) 
4 484 (12) 
2 195 (10) 
1 1 1 8  (11) 
1 0 6 9  (13) 
2 058 (12) 
3 112 (13) 
3 183 (11) 
5 030 (22) 
3 668 (21) 
4 860 (18) 
3 223 (20) 
4 862 (16) 
4 006 (38) 

a 
a 
a 
a 
a 
a 

3.9 (2) 
5.1 (3) 
6.3 (3) 
7.0 (4) 
8.6 (4) 
8.1 (4) 
4.7 (3) 
6.9 (4) 
9.0 (5) 
8.4 (4) 
8.5 (4) 
6.5 (3) 
3.6 (2) 
4.4 (3) 
5.2 (3) 
6.3 (3) 
6.8 (4) 
5.7 (3) 
3.2 (2) 
4.5 (3) 
5.5 (3) 
6.2 (3) 
6.4 (3) 
5.0 (3) 
4.0 (3) 
6.0 (3) 
7.6 (4) 
7.0 (4) 
7.2 (4) 
5.5 (3) 
3.8 (2) 
4.9 (3) 
5.9 (3) 
5.3 (3) 
5.7 (3) 
4.7 (3) 

12.6 (7)‘ 
12.5 (6) 
11.6 (5) 
12.3 (5) 
9.0 (5) 
3.2 (7) 

Anisotropic Thermal Parameters (X104) with Esd’s 

4 504 
4 512 
2 846 
1 1 6 4  
1 1 0 7  
3 102 
3 478 
4 054 
3 778 
3 343 

772 
-1 158 
-1 727 

-321 
1 6 4 9  
5 622 
5 544 
7 224 
8 995 
9 069 
6 846 
6 161 
5 801 
6 185 
6 858 
8 847 

10 879 
12  055 
11 266 
9 258 

4 451 
5 798 
7 175 
7 246 
5 882 
5 848 
6 258 
5 063 
3 502 
3 017 
5 006 
4 878 
3 849 
2 861 
2 907 

-1 429 
-3 086 
-4 358 
-3 973 
-2 311 

1 5 3 1  
2 499 
1 6 7 3  

-48 
-1 000 

-677 
-813 
-732 
-594 
-444 

1 3 8 6  7.0b 
793 7.0 

1 045 7.0 
1 9 2 8  7.0 
2 520 7.0 
4 334 7.0 
6 409 7.0 
7 277 7.0 
6 316 7.0 
4 178 7.0 
4 026 7.0 
3 720 7.0 
1 9 0 9  7.0 

378 7.0 
667 7.0 

1 373 7.0 
871 7.0 

1 140 7.0 
1 7 8 6  7.0 
2 327 7.0 
3 639 7.0 
5 656 7.0 
6 858 7.0 
6 205 7.0 
4 195 7.0 

391 7.0 
306 7.0 

2 036 7.0 
3 832 7.0 
3 958 7.0 

Atom P , ,  P” 0 3 3  P I 2  0 1 3  P , ,  
K1) 87.6 (9) 55.0 (6) 83.9 (9) -23.8 (6) 16.5 (6) 18.7 (6) 
I(2) 78.2 (9) 55.0 (6) 129.1 (11) -21.4 (6) 23.5 (7) 25.8 (6) 
AgU) 82.1 (10) 53.7 (7) 109.2 (12) -5.5 (6) 29.8 (8) 19.2 (7) 

P(1) 63.8 (28) 45.8 (21) 84.9 (33) -9.3 (19) 16.2 (24) 20.6 (22) 
P( 2) 64.1 (28) 49.4 (21) 64.7 (30) -16.0 (19) -0.0 (22) 22.8 (21) 

Ag(2) 101.8 (11) 61.7 (8) 94.6 (11) -15.6 (7) -10.5 (8) 37.9 (7) 

a Anisotropic thermal parameters (x104) of the form exp[-(h2PlI + k2p,, + Pp,, + 2kkp1, t 2hlp1, + 2k1pp,,)]  are given in the second 
part of this table. 
A’. ‘ The six partial chlorinc atoms found in the difference map were first assigned constant isotropic thermal parameters of 8.00 A’ and 
their weights were refined: C1(1), 0.329; C1(2), 0.302; C1(3), 0.359; C1(4), 0.365; C1(5), 0.327; C1(6), 0.089. Their thermal parameters were 
then refined to these values by holding the weights constant. 

4.801 (2) A, averaging 4.582 A. All of these nonbonded 1-1 (6)-3.092 (7), 2.81 (1)-2.94 (I) ,  and 2.72 (3)-3.14 (1) A 
contacts are close to or greater than twice the van der Waals found in zinc blende type AgI,29a M e 4 N A g ~ 1 3 , ~ ~ ~  Bu4N- 
radius of iodine (4.30 A),27 indicating the relative importance [Ag314],29c R b A g 4 1 ~ , ~ ~ ~  and [ M ~ ~ N I ~ A ~ I ~ I I ~ , ~ ~ ~  respectively. 
of the iodinwiodine repulsions in dictating the stereochemistry. Further definitive evidence concerning the large deformation 
For each nonplanar Ag212 moiety, short 1-1 contacts are of the Ag& core is given by the Ag-I-Ag angles ranging from 
generally accompanied by long Ag-Ag distances and vice 64.53 (4) to 81.07 (5)’ (73.55’ (average)), while the I-Ag-I 
versa. Third, the Ag-I bond lengths range from 2.836 (2) to angles vary from 95.16 (5) to 115.38 (5)’ (104.08’ (average)). 
3.037 (2) A with a mean of 2.910 A. These values are all The two highly acute Ag(1)-I(i)-Ag(3) angles of 64.53 (4) 
substantially greater than normal covalent Ag-I bond lengths (i = 3) and 65.93 (5)’ (i = 4), which correspond to the 
(viz., 2.67 A) but comparable to those of 2.80, 2.77-3.00, 2.759 shortest Ag(l)-Ag(3) contacts, are especially remarkable for 

Hydrogen atoms were calculated at C-H distance of 1.00 A and assigned constant isotropic thermal parameters of 7.00 
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Table IV. Interatomic Distances (A) with Esd’s for 
(Ph,P),Ag,I, (Cubane) 

. 
* aAg(3) 

Ag(1). . .Ag(4) 

I(1). ’ *I(2) 
I(1). * *I(3) 
I(1). * sI(4) 

Ml)-Ag(l) 
Ul)-Ag(2) 
I(1 )-Ag(4) 
I(2)-Ag(2) 

W)-Ag(4) 

&(l)-P(l) 
Ag(2)-P(2) 

P(l)-C(l A) 
P( 1 )-C( 1 B) 
P(1 )-CU C) 
P( 2)-C( 1 H) 
P(2)-C(ll) 
P(2)-C(1 J) 

1 ( 2 ) - ~ 3 )  

C(lA)-C(ZA) 
C(2A)-C( 3A) 
C(3A)-C(4A) 
C(4A)-C(5A) 
C(5A)-C(6A) 
C( 1 A)-C(6A) 

C(lB)-C(2B) 
C(2B)-C(3B) 
C(3B)-C(4B) 
C(4B)-C(5B) 
C(5B)-C(6B) 
C(lB)-C(6B) 

C(lC)-C(ZC) 
C(2C)-C(3C) 
C(3C)-C(4C) 
C(4C)-C(SC) 
C(5C)-C(6C) 
C(1 C)-C(6C) 
C(1 D)-C(2D) 
C( 2D)-C(3D) 
C( 3D)-C(4D) 
C(4D)-C(5D) 
C(5D)-C(6D) 
C(1 D)-C(6D) 

C( 1E)-C(2E) 
C(2E)-C(3E) 

C(4E)-C(5 E) 
C(5E)-C(6E) 
C(lE)-C(6E) 

C(lL)-C(ZL) 
C(2L)-C(3L) 
C(3L)-C(4L) 
C(4L)-C(5L) 
C(5L)-C( 6L) 
C(lL)-C(6L) 

C(3E)-C(4E) 

A. Ag. - .Ag Distances 
3.4819 (21) Ag(2). * *Ag(3) 
3.1153 (19) Ag(2). * *Ag(4) 
3.4765 (20) Ag(3). . sAg(4) 

B. 1. . .I Distances 
4.4086 (16) I(2). * *1(3) 
4.5877 (16) I(2). * *I(4) 
4.5794 (15) I(3). * .I(4) 

C. I-Ag Bond Lengths 
2.9582 (18) 1(3)-Ag(l) 
2.8437 (18) I(3)-Ag(2) 
2.8857 (18) 1(3)-Ag(3) 
3.0202 (19) I(4)-Ag(l) 
2.8364 (18) 1(4)-Ag(3) 
2.8458 (18) I(4)-Ag(4) 

D. Ag-P Bond Lengths 
2.4546 (44) Ag(3)-P(3) 
2.4616 (48) Ag(4)-P(4) 

E. P-C Bond Lengths 
1.799 (15) P(3)-C(lD) 
1.822 (16) P(3)-C(lE) 
1.818 (15) P(3)-C(lF) 
1.788 (18) P(4)-C(lK) 
1.804 (16) P(4)-C(lL) 
1.807 (16) P(I)-C(lM) 

F. C-C Bond Lengths 
1.386 (22) C(lF)-C(2F) 
1.427 (22) C(2F)C(3F) 
1.355 (22) C(3F)-C(4F) 
1.329 (23) C(4F)-C(5F) 
1.451 (23) C(5F)-C(6F) 
1.369 (21) C(lF)-C(6F) 

1.357 (20) C(lH)-C(ZH) 

1.323 (26) C(3H)-C(4H) 
1.301 (26) C(4H)-C(SH) 
1.447 (26) C(5H)-C(6H) 
1.379 (22) C(lH)-C(6H) 

1.363 (20) C(lI)-C(ZI) 
1.460 (24) C(2I)-C(31) 
1.340 (26) C(3I)-C(41) 

1.428 (27) C(2H)-C(3H) 

1.528 (26) C(41)-C(51) 
1.395 (24) C(5l)-C(61) 
1.384 (21) C(ll)-C(6I) 

1.396 (23) C(lJ)-C(2J) 
1.395 (25) C(2J)-C(3J) 
1.319 (26) C(3J)-C(4J) 
1.372 (28) C(4J)-C(5J) 
1.402 (27) C(5J)-C(6J) 
1.391 (22) C(lJ)-C(6J) 

1.351 (26) C(lK)-C(2K) 
1.489 (33) C(2K)-C(3K) 
1.359 (32) C(3K)-C(4K) 
1.296 (28) C(4K)-C(5K) 

1.392 (23) C(lK)-C(6K) 

1.376 (22) C(lM)-C(2M) 
1.491 (27) C(2M)-C(3M) 
1.325 (27) C(3M)-C(4M) 
1.245 (26) C(4M)-C(5M) 
1.489 (27) C(5M)-C(6M) 

1.423 (28) C(5K)-C(6K) 

1.385 (22) C(lM)-C(6M) 

3.7678 (20) 
3.7238 (20) 
3.3298 (20) 

4.3985 (16) 
4.7161 (16) 
4.8014 (17) 

2.8364 (18) 
2.9376 (20) 
2.9939 (19) 
2.8444 (18) 
2.8810 (19) 
3.0372 (20) 

2.4589 (45) 
2.4559 (47) 

1.790 (16) 
1.799 (17) 
1.798 (19) 
1.818 (16) 
1.847 (16) 
1.836 (16) 

1.346 (27) 
1.460 (34) 
1.187 (35) 
1.310 (38) 
1.493 (37) 
1.393 (30) 

1.330 (24) 
1.458 (30) 
1.331 (27) 
1.335 (30) 
1.396 (32) 
1.348 (26) 

1.346 (24) 
1.453 (27) 
1.342 (25) 
1.309 (25) 
1.422 (25) 
1.368 (23) 

1.364 (22) 
1.447 (25) 
1.371 (24) 
1.331 (22) 
1.386 (22) 
1.372 (21) 

1.366 (22) 
1.409 (25) 
1.353 (25) 
1.337 (22) 
1.410 (21) 
1.399 (21) 

1.374 (22) 
1.428 (26) 
1.357 (26) 
1.297 (28) 
1.428 (28) 
1.375 (22) 

nonbonding metal-metal separation in that normally such 
acute bridging angles occur in metal-metal bonded M2X2 
systems 0niy.30 

Despite the severe distortion of the cubane core, the four 
silver-phosphorus bonds fall into the small range of 2.455 
(4)-2.462 (5) A with an average of 2.458 8, which is close to 
the sum of covalent radii of 2.44 A.28 The P-Ag-I and 
P-Ag-Ag angles, however, are highly irregular; they range 
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from 104.1 (1) to 123.5 (1)’ (114.1’ (average)) and from 
13 1.9 (1) to 152.8 (1)’ (144.2’ (average)), respectively. 

The unusual distortions of the Ag414 core and the highly 
irregular angular deformations involving the phosphine ligands 
point to steric overcrowding among the ligands. This latter 
effect is borne out by a detailed examination of intra- as well 
as intermolecular van der Waals contacts tabulated in Table 
VIII. It is apparent that the closest nonbonding (Ph)H-- 
H(Ph) and (Ph)H-I contacts are either close to or somewhat 
shorter than the sum of van der Waals radii-viz., H-.H = 
2.40 A and He-I = 3.35 A.27 These close van der Waals 
contacts suggest that the observed molecular deformation is 
the result of the packing of the bulky triphenylphosphine 
ligands within each molecule and the arrangement of the 
molecules in the crystal. 

The four triphenylphosphine ligands appear to be normal. 
The 12 independent phosphorus-carbon bond lengths range 
from 1.788 (18) to 1.847 (16) A, averaging 1.811 A. There 
appears to be a correlation between the Ag-P and P-C bond 
lengths in that phosphine ligands with shorter Ag-P bonds 
contain longer P-C bonds (cf. Table IV). These differences, 
however, are of only marginal significance. 

The 72 independent carbon-carbon bond distances span a 
range of 1.187 (35)-1.491 (27) A with an average of 1.377 
A. The 12 Ag-P-C angles, ranging from 11 1.7 (6) to 120.3 
(6)’ (average 114.5’), are all greater than the ideal tetrahedral 
angle whereas the 12 C-P-C angles, ranging from 102.2 (7) 
to 105.0 (9)’ (average 103.9*), are all somewhat smaller than 
the ideal tetrahedral value. An interesting pattern is also 
observed for the 24 P-C-C angles (cf. Table V); viz., those 
oriented toward the pseudo-threefold axis of the triphenyl- 
phosphine are somewhat greater than the ideal trigonal angle 
(121.5 (14)-126.4 (14)’) whereas those oriented otherwise 
are somewhat smaller (1 13.6 (14)-120.7 (17)’). We believe 
that this signifies the weak intratriphenylphosphine 
phenyl-phenyl repulsions among the “inner” hydrogens- 
H(2A), H(2B), H(2C) in Ph3P(1); H(2D), H(6E), H(2F) in 
Ph3P(3); H(2H), H(6I), H(2J) in PhsP(2); and H(2K), 
H(2L), H(2M) in Ph3P(4) (cf. Table VIIIA). 

Chair-like (Ph3P)4Aj& The centrosymmetric chair-like 
structure of (Ph3P)4Ag414 is defined by three Ag212 moieties 
(as opposed to six in the cubane-like isomer): the strictly 
planar Ag(2)I( l)Ag(2)’1( 1)’ and the nonplanar Ag( 1)1(2)- 
Ag(2)I( 1) and Ag(l)’I(2)’Ag(2)’1( 1)’. These latter two Ag212 
fragments are related by the crystallographically imposed 
center of symmetry located at the centroid of the former Ag212 
plane. The four silver atoms, the four iodine atoms, and 
likewise the four phosphorus atoms are also required to be 
precisely coplanar by the crystallographic center of symmetry. 

The most important feature of this as well as other chair-like 
s t r ~ c t u r e s ~ ~ ~ , ~ , ~ ~  is that the core atoms have variable coor- 
dination numbers (CN). It is evident from Figure 2 that Ag( 1) 
and Ag(1)’ are approximately trigonal-coordinated (CN = 3) 
while Ag(2) and Ag(2)’ are approximately tetrahedral-co- 
ordinated (CN = 4). Similarly, 1(2) and I(2)’ are doubly 
bridging (CN = 2) while I( 1) and I( 1)’ are triply bridging (CN 
= 3). 

As was pointed out by Churchill and co-workers12d,e for the 
CuqX4 core of (Ph3P)4Cu4X4 (X = Br, I), the 10 Ag-I bond 
lengths in (Ph3P)4Ag& (chair) exhibit a systematic trend 
according to the coordination numbers. Thus, within 
Ag(l)I(2)Ag(2)1( 1) and Ag( 1)’1(2)’Ag(2)’1( 1)’, in order of 
increasing coordination numbers, the Ag(m - 2)-1(4 - n) = 
Ag(m - 2)’-1(4 - n)’ bond lengths increase as 2.724 (l), 2.806 
(l), 2.849 ( l ) ,  2.995 (1) A for (m, n) = (3, 2), (3, 3), (4, 2), 
(4, 3 ) ,  respectively, where m and n are coordination numbers 
of the silver and iodine atoms. The remaining two Ag(2)-I(1)’ 
= Ag(2)’-1(1) distances within the Ag(2)1(1)Ag(2)’1( 1)’ plane 
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Table V. Bond Angles (deg) with Esd's for (Ph,P),Ag,I, (Cubane) 

Boon-Keng Teo and Joseph C. Calabrese 

P(l)-Ag(l)* 9 *Ag(2) 
P(l)-Ag(l). . .Ag(3) 
P(l)-Ag(l). * .Ag(4) 
P(2)-Ag(2)* * *Ag(l) 
P(2)-Ag(2). . sAg(3) 
P(2)-Ag(2). . .Ag(4) 

P( 1)-C( 1 A)-C(2A) 
P( 1 )-C( 1 A)-C(6A) 
P(l)-C( 1 B)-C(2B) 
P(l )-C( 1 B)-C(6B) 
P(1 )-C(l C)C(2C) 
P(1 )-C(lC)-C(6C) 
P(3)-C(lD)-C(2D) 
P(3)-C(lD)-C(6D) 
P(3)-C(lE)-C(2E) 
P( 3)-C( 1 E)-C(6E) 
P( 3 ) C (  lF)-C( 2F) 
P(3)-C(1 F)-C(6F) 

C(2A)-C( 1 A)-C(6A) 
C(l A)-C(2A)-C(3A) 
C(2A)-C(3A)-C(4A) 
C(3A)-C(4A)-C(5A) 
C(4A)-C(SA)-C( 6A) 
C(l  A)-C(6A)-C(SA) 

C(ZB)-C(l B)-C(6B) 
C( 1 B)-C(2B)-C( 3B) 
C(2B)-C(3B)-C(4B) 
C(3B)-C(4B)-C(5B) 
C(4B)-C(SB)-C(6B) 
C(l B)-C(6B)-C(SB) 

C(2C)-C(l C)-C(6C) 
c (1 C)-c (2C)-c (3 C) 
c(2c)-c(3c)-c(4c) 
C( 3C)-C(4C)-C(5 C) 

F.  
104.2 (7) 
104.3 (7) 
103.1 (7) 
104.2 (8) 
103.1 (8) 
104.2 (7) 

121.7 (13) 
118.9 (13) 
121.8 (13) 
118.3 (14) 
121.9 (13) 
116.6 (13) 
126.4 (14) 
117.5 (13) 
119.5 (17) 
121.7 (14) 
123.1 (19) 
118.7 (20) 

119.4 (15) 
119.4 (16) 
119.1 (17)  
123.7 (19) 
117.7 (19) 
120.7 (17) 

119.7 (16) 
121.0 (18) 
116.8 (22) 
125.4 (24) 
119.2 (22) 
117.8 (19) 

G. 

H. 

C-P-C Angles 
C( 1D)-P(3)C( 1E) 
C(l D)-P(3)-C(l F) 
C( 1E)-P(3)-C( IF)  
C(lK)-P(4)-C(l L) 
C(l  K)-P(4)-C( 1 M) 
C(lL)-P(4)-C(lM) 

P-CC Angles 
P(2)-C(1 H)-C(2H) 
P( 2)-C( lH)-C(6H) 
P(2)-C(1 I)-C(21) 
P(2)-C(1 I)-C(61) 
P(2)-C(lJ)-C(2J) 
P( 2)-C( 1 J)-C(6J) 
P(4)-C( 1 K)-C(2K) 
P(4)-C(1 K)-C(6K) 
P(4)-C(1 L)-C(2L) 
P(4)-C(1 L)-C(6L) 
P(4)-C(1 M)-C(2M) 
P(4)-C( 1M)-C(6M) 

C-C-C Angles 
C(2H)-C(lH)-C(6H) 
C( 1 H)-C(2H)-C( 3H) 
C(2H)-C(3H)-C(4H) 
C(3H)-C(4H)-C(5H) 
C(4H)-C(5 H)-C(6H) 
C(lH)-C(6H)-C(SH) 

C(2I)-C(1 I)-C(6I) 
C( lI)-C(21)-C(31) 
C(2I)-C( 31)-c(41) 
C(3I)-C(4I)-C(51) 
C(4 I)-C( 5 I)-C( 61) 
C( 1 I)-C(6I)-C(5 I) 

121.4 (16) C(2J)-C(1 J)-C(6J) 
116.0 (17) C( 1 J)-C(2J)-C( 3J) 
120.5 (20) C(2J)-C(3J)-C(4J) 
122.6 (22) C(3J)-C(4J)-C(5 J) 

74.15 (5) 
64.53 (4) 
78.87 (5) 
65.93 (5) 
72.38 (5) 
68.42 (5) 

97.91 (5) 
111.15 (6) 
109.61 (5) 
100.56 (5) 
101.25 (6) 
106.53 (6) 

119.13 (12) 
109.04 (12) 
109.25 (12) 
121.31 (12) 
104.60 (12) 
120.35 (12) 

137.95 (13) 
144.48 (12) 
146.11 (13) 
144.20 (12) 
152.09 (13) 
137.95 (12) 

115.18 (55) 
111.74 (58) 
116.0 (6) 
112.14 (56) 
111.41 (56) 
120.26 (55) 

104.5 (8) 
103.2 (8) 
105.0 (9) 
104.5 (7) 
102.2 (7) 
104.8 (7) 

124.7 (16) 
120.7 (17) 
118.8 (15) 
126.2 (15) 
121.5 (14) 
120.0 (13) 
124.0 (14) 
118.3 (13) 
121.6 (14) 
11 3.6 (14) 
122.7 (14) 
116.2 (14) 

114.5 (20) 
121.9 (22) 
121.5 (25) 
115.8 (25) 
122.2 (26) 
123.7 (25) 

115.0 (18) 
124.1 (20) 
116.3 (21) 
122.3 (22) 
120.0 (21) 
122.1 (20) 

118.4 (16) 
121.0 (19) 
116.5 (19) 
122.7 (19) 
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Table V (Continued) 

C(4C)-C(5C)-C(6C) 

C(2D)- C(lD)-C(6D) 

C(2D)-C(3D)-C(4D) 

C(4D)- C(5D)-C(6D) 
C(l D)-C(6D)-C(SD) 

C(lC)-C(GC)-C(SC) 

C(l  D)-C(2D)-C(3D) 

C(3D)-C(4D)-C(5 D) 

C(2E)-C(1 E)-C(6E) 
C(l E)-C(2E)-C(3E) 
C(2E)-C(3E)-C(4E) 
C(3E)-C(4E)-C(5 E) 

C(l E)-C(GE)-C(5E) 

C(ZF)-C(I F)-C(6F) 

C(2F)-C(3F)-C(4F) 
C(3F)-C(4F)-C(5F) 
C(4F)-C(5F)-C(6F) 

C(4E)-C(5E)-C(6E) 

C(IF)-C(2F)-C(3F) 

C( 1 F)-C(6F)-C(5 F) 

Table VI. Interatomic Distances (A) with Esd’s for 
(Ph,P),Ag,I, (Chair) 

C(lA)-C(ZA) 
C( 2A)-C(3A) 
C(3A)-C(4A) 
C(4A)-C(5A) 
C(5A)-C(6A) 
C(l A)-C(6A) 

C(l B)-C(2B) 
C(2B)-C(3B) 
C(3B)-C(4B) 
C(4B)-C(5B) 
C(5B)-C(6B) 
C(lB)-C(6B) 

C(lC)-C(IC) 
C(2C)-C(3C) 
C(3C)-C(4C) 
C(4C)-C(SC) 
C(SC)-C(SC) 
C(lC)-C(6C) 

C1( 2)-C1( 1 ) 
Cl( 2)-C1(4) 
C1( 3)-C1(4) 
C1( 2)-C1(5) 

A. Ag. + .Ag Distances 
3.0953 (13) Ag(2). . .Ag(2)’ 
4.3154 (15) 

B. I. . .I Distances 
4.7116 (16) I(1). . *I(2)’ 
4.7625 (12) 

C. Ag-I Bond Lengths 
2.8055 (13) I(2)-Ag(l) 
2.9948 (13) 1(2)-Ag(2) 
2.8354 (14) 

D. Ag-P Bond Lengths 

E. P-C Bond Lengths 

1.811 (13) P(2)-C(lE) 
1.817 (11) P(Z)-C(lF) 

F. C-C Bond Lengths 

2.4297 (31) Ag(2)-P(2) 

1.793 (12) P(Z)-C(lD) 

1.366 (17) C(lD)-C(2D) 

1.338 (19) C(3D)-C(4D) 
1.350 (22) C(4D)-C(5D) 
1.430 (22) C(5D)-C(6D) 
1.409 (19) C(lD)-C(6D) 

1.368 (18) C(lE)-C(2E) 
1.397 (22) C(2E)-C(3E) 

1.372 (23) C(4E)-C(5E) 
1.430 (21) C(5E)-C(6E) 
1.388 (18) C(lE)-C(6E) 

1.381 (16) C(lF)-C(ZF) 

1.352 (18) C(3F)-C(4F) 

1.428 (18) C(2D)-C(3D) 

1.293 (22) C(3E)-C(4E) 

1.402 (16) C(2F)-C(3F) 

1.361 (20) C(4F)-C(5F) 
1.397 (19) C(5F)-C(6F) 

G. CH,CI, Bond Lengths 
1.54 (3) C1(2)-C1(6) 
1.77 (3) C1(4)-C1(6) 
1.87 (3) Cl(l)-CI(5) 
1.61 (3) C1(3)-C1(6) 

1.399 (17) C(lF)-C(6F) 

H. C C C  Angles (Continued) 
119.0 (21) C(4J)-C(5J)-C(6J) 
120.4 (18) C(lJ)-C(6J)-C(SJ) 
115.9 (17) C(2K)-C( 1 K)-C(6K) 
121.7 (19) C(lK)-C(ZK)-C(3K) 
119.1 (22) C(2K)-C(3K)-C(4K) 
123.7 (24) C(3K)-C(4K)-C(SK) 
116.6 (23) C(4K)-C(5K)-C(6K) 
122.8 (20) C(lK)-C(6K)-C(SK) 

118.5 (19) C(2L)-C(1 L)-C(6L) 
121.3 (24) C(lL)-C(2L)-C(SL) 
115.9 (28) C(2L)-C(3L)-C(4L) 
122.9 (28) C(3L)-C(4L)-C(5L) 
122.0 (24) C(4L)-C(5L)-C(6L) 
119.0 (20) C(1 L)-C(6L)-C(5L) 

11 8.0 (22) C(2M)-C(1 M)-C(6M) 
120.5 (25) C(lM)-C(2M)-C(3M) 
120.2 (33) C(2M)- C(3M)-C(4M) 
124.5 (38) C(3M)-C(4M)-C(5M) 
118.7 (33) C(4M)-C(5M)-C(6M) 
115.9 (28) C(l M)-C(6M)-C(SM) 

119.9 (19) 
121.3 (17) 
117.3 (16) 
120.7 (20) 
120.0 (21) 
121.2 (19) 
119.4 (17) 
120.9 (16) 

124.8 (17) 
116.2 (19) 
116.4 (22) 
128.1 (27) 
120.7 (23) 
113.7 (18) 

121.0 (17) 
117.9 (19) 
120.1 (21) 
121.0 (24) 
121.9 (24) 
117.6 (20) 

3.4378 (21) 

4.5047 (12) 

2.7244 (12) 
2.8493 (13) 

2.4542 (31) 

1.834 (11) 
1.831 (12) 
1.808 (12) 

1.381 (15) 
1.381 (17) 
1.394 (18) 
1.364 (18) 
1.399 (18) 
1.376 (15) 

1.356 (17) 
1.409 (20) 
1.331 (20) 
1.337 (20) 
1.440 (19) 
1.356 (17) 

1.400 (16) 
1.400 (18) 
1.365 (17) 
1.375 (18) 
1.417 (17) 
1.372 (15) 

1.89 (4) 
0.89 (4) 
0.71 (3) 
1.01 (4) 

3.095 (1) and 4.315 (2) A and a short diagonal of 3.438 (2) 
A. All of these distances are best considered as nonbonding 
from electronic considerations, though the shortest ones of 
3.095 8, are only 0.206 8, longer than the corresponding 
distance found in silver metal. 

In contrast, the five iodine4odine distances show con- 
siderably less variation than do the silver-silver distances, even 
though the two trends are reciprocal to each other: I( 1)-1(2) 
= 1(1)’-1(2)’ = 4.763 ( l ) ,  I(1)-I(1)’ = 4.712 (2), and I- 

The four silver-phosphorus bonds fall into two groups: those 
of trigonally coordinated silver atoms, viz., Ag( 1)-P( 1) = 
Ag( 1)’-P( 1)’ = 2.430 (3) A, are somewhat shorter than those 
with tetrahedrally coordinated silver atoms Ag(2)-P(2) = 
Ag(2)’-P(2)’ = 2.454 (3) A. The differences, though of some 
statistical significance, are much smaller than the variations 
manifested in the silver-iodine bond distances. 

The 1-Ag-I angles closely reflect the metal coordination 
number. Thus, I(1)-Ag(1)-1(2) of 118.90 (4)’ is close to the 
ideal trigonal value of 120’ while I(1)-Ag(2)-1(2), I(1)- 
Ag(2)-I(l)’, and 1(2)-Ag(2)-1(1)’ of 109.13 (4), 107.79 (4), 
and 104.83 (4)O, respectively, are not far from the ideal 
tetrahedral value of 109.47’. 

On the other hand, the Ag-I-Ag angles are highly acute 
with the exception of Ag(1)-I(1)-Ag(2)’ (99.82 (4)’). These 
small bridging angles of 67.43 (3), 64.41 (3), and 72.21 (4)’ 
for Ag( 1)-1(2)-Ag(2), Ag( 1)-I( 1)-Ag(2), and Ag(2)-I- 
(1)-Ag(2)’, respectively, are most likely due to nonbonded 
repulsions between the halogen atoms. 

One interesting difference between (Ph3P)4Ag414 (chair) 
and (Ph3P)&u4X4 (X = Br, I) is that, in the former, M- 
(1)-X( 1)-M(2)’ (99.82 (4)’) is smaller than X(2)-M(2)- 
X(1)’ (104.83 (4)O) while, in the latter two structures, the 
trend was reversed (Le., 107.15 (7) vs. 102.32 (7)’ for X = 
Br and 108.29 (7) vs. 104.20 (7)’ for X = I). This reversal 
in trend may be attributed to the van der Waals repulsions 
between phenyl groups on P( l )  and P(2)’ (or, equivalently, 
P( 1)’ and P(2)) being enhanced in the latter clusters because 
of the smaller size of copper atoms (vide infra). 

The two independent triphenylphosphines are normal. The 
six DhosDhorus-carbon bond lengths range from 1.793 (12) 

(2).-1(1)’ = 1(2)’***1(1) = 4.505 (1) A. 

are 2.835 (1) A, lying between the last two values and cor- 
responding to m, n = 4, 3. 

The five silver-silver distances vary substantially from 
Ag(l)-Ag(Z) = Ag(l)’-Ag(2)’ = 3.095 (1) to Ag(2).-Ag(2)’ 
= 3.438 (2) to Ag(l).-Ag(2)’ = Ag(l)’.-Ag(2) = 4.315 (2) 
A. The four silver atoms form a parallelogram with edges of 

to {.83d(ll) A (average 1.816 x). The36 carbon-carbon 
bond distances range from 1.293 (22) to 1.440 (19) A (average 
1.381 A). The six Ag-P-C angles range from 108.6 (4) to 
117.1 (4)O (average 113.7’) while the six C-P-C angles range 
from 104.1 (5) to 105.2 (5)’ (average 104.9’). As in the 
cubane-like structure, the 12 P-C-C angles (cf. Table VII) 
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Table VII. Bond Angles (deg) with Esd's for (Ph,P),Ag,I, (Chair) 

Boon-Keng Teo and Joseph C. Calabrese 

Ag(l)-P(l )-C(lA) 
Ag(1)-P( l)-C(l B) 
Ag(1)-P( 1)-C(l C) 

C( 1 A)-P(1)-C(1 B) 
C( 1 A)-P(l)-C(lC) 
C(l  B)-P( l)-C(lC) 

P(l)-C(I A)-C(2A) 
P(l)-C(lA)-C(6A) 
P( 1 )-C( 1 B)-C( 2B) 
P( 1 )-C( 1 B)-C(6B) 
P( 1 )-C( 1 C)-C(ZC) 
P(l )-C(l C)-C(6C) 

C(2A)-C(IA)-C(GA) 
C( lA)-C(2A)-C(3A) 
C(2A)-C( 3A)-C(4A) 
C(3A)-C(4A)-C(5A) 
C(4A)-C(5A)-C(6A) 
C(l A)-C(6A)-C(5A) 

C(2B)-C( 1 B)-C(6B) 
C( lB)-C(2B)-C(3B) 
C(2B)-C(3B)-C(4B) 
C(3B)-C(4B)-C(5B) 
C(4B)-C(5B)-C(6B) 
C( 1 B)-C(6B)-C(SB) 

C(2C)-C(l C)-C(6C) 
C(lC)-C(2C)-C(3C) 
C(2C)-C(3C)-C(4C) 
C( 3C)-C(4C)-C(5 C) 
C(4C)-C(5C)-C(6C) 
C( 1 C)-C( 6C)-C( 5 C) 

C1( l)-C1(2)-CI(4) 
C1(2)-C1(4)-Cl( 3) 

A. Ag-I-Ag Angles 
64.41 (3) Ag(2)-1(1 )-Ag(2)' 
99.82 (4) &(l)-W)-Ag(2) 

B. I-Ag-I Angles 
11 8.90 (4) 1(1)-Ag(2)4(2) 
107.79 (4) I (I )'-Ag (2)-I( 2) 

C. P-Ag-I Angles 
111.68 (8) I(1 )-Ag(2)-P(2) 
127 37 (9) 1(1 )'-Ag (2)-P( 2) 

1(2)-Ag(2)-P(2) 
D. P-Ag. . .Ag Angles 

166.76 (9) P(2)-Ag(2). . .Ag(l) 
130.26 (9) P(2)-Ag(2). . .Ag(l)' 

P(2)-Ag(2). . .Ag(2)' 

E. Ag-P-C Angles 
117.10 (40) Ag(2)-P(2)-C( ID)  

115.14 (38) Ag(2)-P( 2)-C( 1 F) 
108.61 (41) Ag(2)-P(2)C(1E) 

F. C-P-C Angles 
104.5 (6) C( 1 D)-P(2)-C( 1E) 
105.3 ( 5 )  C(lD)-P(2)-C( 1F) 
105.1 (6) C(IE)-P(2)-C( 1F) 

G .  P-CC Angles 
119.4 (9) P(2)-C( 1 D)-C(2D) 
122.8 (11) P(2)-C( 1 D)-C(6D) 
123.9 (11) P(2)-C( 1 E)-C(2E) 
116.5 (10) P(2)-C(1 E)-C(6E) 
123.6 (9) P( 2)-C( 1 F)-C( 2F) 
116.8 (9) P(2)-C(IF)-C(6F) 

H. C-C-C Angles 
117.8 (13) C(ZD)-C(l D)-C(6D) 
121.4 (12) C( 1 D)-C(2D)-C( 3D) 
119 7 (15) C( 2D)-C(3D)-C(4D) 
121.4 (16) C( 3D)-C(4D)-C(5D) 
120.2 (16) C(4D)-C(5 D)-C(6D) 
119.4 (15) C(1 D)-C(6D)-C(5D) 

119.6 (13) C(2E)-C(1 E)-C(6E) 
120.5 (15) C( 1 E)-C( 2E)-C(3E) 
120.5 (19) C( 2E)-C(3E)-C(4E) 

119.1 (17) C(4E)-C(5E)-C(6E) 
118.0 (14) C( lE)-C(GE)-C(5E) 

119.6 (11) C(2F)-C( 1 F)-C(6F) 

122.8 (13) C(2F)-C(3F)-C(4F) 
118.7 (14) C( 3F)-C(4F)-C(5F) 
121.3 (15) C(4F)-C(5F)-C(6F) 
119.3 (1 3)  C(l F)-C(6F)-C(SF) 

122.2 (191 C(3E)-C(4E)-C(SE) 

118.2 (11) C(lF)-C(2F)-C(3F) 

I. CH,CI, Bond Angles 
112 (2) C1(4)-C1(2)-C1(5) 
78  (1) C1(5)-C1(2)-C1(6) 

C1( l)-Cl(2)-Cl(6) 

72.21 (4) 
67.43 (3) 

109.13 (4) 
104.83 (4) 

104.54 (8) 
115.44 (8) 
114.87 (8) 

127.60 (8) 
91.08 (8) 

124.97 (9) 

114.49 (35) 
112.54 (38) 
114.39 (39) 

105.2 (5) 
104.1 (5) 
105.2 (5) 

117.0 (8) 
122.2 (9) 
116.4 (IO) 
123.5 (10) 
117.2 (9) 
122.7 (9) 

120.8 (11) 
120.5 (11) 
119.1 (13) 
120.0 (14) 
121.3 (13) 
118.3 (12) 

120.0 (12) 
120.2 (14) 
118.2 (16) 
124.7 (17) 
116.5 (15) 
120.3 (13) 

120.0 (11) 
119.5 (11) 
120.4 (13) 
120.6 (13) 
119.8 (12) 
119.7 (12) 

136 (2) 
110 (2) 

85 (2) 

can be divided into two groups: those oriented toward the 
Ag-P axis are greater than 120" (122.2 (9)-123.9 (11)") 
whereas those oriented otherwise are smaller than 120' (1 16.4 
(10)-119.4 (9)"), corresponding to the weak intratri- 
phenylphosphine (Ph)H.-H(Ph) repulsions among H(6A), 
H(2B), H(2C) in Ph3P(1) and H(6D), H(6E), H(6F) in 
Ph3P(2), respectively (cf. Table IXA). 

The intra- and intermolecular van der Waals distances are 
listed in Table IX. The closest intramolecular nonbonding 
H(6A)-.H(2C) distance of 2.70 8, is believed to be responsible 
for the large Ag(l)-.Ag(2)' = Ag(l)/-Ag(2) distances of 
4.315 (2) A mentioned above. Further implications of these 
nonbonding contacts will be discussed in the following section. 

The solvent molecule, described here by six partial chlorine 
atoms of weights 0.329 (C1(1)), 0.302 (C1(2)), 0.359 (C1(3)), 
0.365 (C1(4)), 0.327 (C1(5)), and 0.089 (C1(6)), is badly 
disordered and/or partially lost during the data collection. 

Each of these six partial chlorine atoms represents a chlorine 
and/or a carbon atom of the disordered solvent molecules. The 
most probable locations of the solvent molecules are 

C1(5)-C(2)<1(6), and C1( 1)<(2)<1(6) (cf. Tables VIG and 
VIIH). 

The solvent molecules form weak hydrogen bondings with 
the (Ph3P)dAgJd (chair) molecules via (1) I( 1)-H-C(2) of 
4.13 A, (2) 1(2)-H-C(4) of 4.05 A, and (3) H(6B)-C1(5) 
of 2.96 A (cf. Table IXC). 

Direct Comparison between the Cubane- and the 
Chair-like Forms. The observation of two isomers of 
(Ph3P)4Ag414 in the solid state provides an excellent oppor- 
tunity for a direct comparison of the stereochemistries between 
the two forms. 

First, the six Ag-Ag distances of 3.115-3.768 8, within the 
six highly nonplanar Ag212 faces of the cubane form are close 

C1( 1 )-C( 2)-C1( 4), C1( 4)-c (2)-c1(5), C1( 2)-C( 4)-Cl( 3), 

11. 
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Table VIII. Nonbonding Contacts for (Ph,P), Ag,I, (Cubane) 

A. Intramolecular I. .H(Ph) (<3.80 A) 
and (Ph)H* * *H(Ph') (<2.85 A) Contacts 

I(1). * *H(6A) 3.48 H(2A). * eH(2B) 
I(1). * *H(6K) 3.60 H(5B). * *H(3E) 
I(2).. eH(6J) 3.19 H(6B). . .H(2E) 
I(2). aH(6D) 3.74 H(6B). * *H(3E) 
I(3). . sH(2I) 3.10 H(2D). . -H(6E) 
I(3). * eH(2E) 3.17 H(5D). * sH(5J) 
I(3). sH(6D) 3.52 H(6I). . .H(2J) 
I(3). * aH(6A) 3.78 H(2K). sH(2L) 
I(4). *H(6L) 3.65 H(2L). sH(2M) 
I(4). . -H(6C) 3.67 
I(4). * *H(6K) 3.67 

B. Intermolecular I. .H(Ph) (<3.80 A) 
and fPh)H. - *H(Ph') (<2.85 A) Contacts 

I(1). . sH(4B)t.' 3.06 H(3C). . .H(2H)!!: 
I(l). .  *H(3A)U 3.32 H(4C). . .H(3H)" 
I(1). . *H(4J)N 3.41 H(2D). * *H(2M)Xi 
I(1). * aH(4A): 3.56 H(3D). * S H ( ~ M ) ~ '  
I(2). * .H(4E)! 2.95 H(5D). * *H(3B)Xii 
I(2). * aH(4F)"' 3.13 H(5E)- . *H(4K)Xii 
I(2). * aH(4K)' 3.28 H(5E). * *H(5K)X' 
I(4). 3 *H(3L)vi 3.26 H(5E). .H(4F)Xi 
I(4). eH(4M)" 3.72 H(5E). *H(5L)Xi 
I(4). . *H(5M)Yil 3.72 H(6E). * *H(5L)xi 
H(2A). -H(5A)"f 2.62 H(2F). * aH(5F)" 
H(3A). . *H(6H)Vu1 2.83 H(5F). * *H(3K)V' 
H(4A). 9 eH(4J)l.X 2.47 H(6F). - .H(4M)Vii 
H(4A). * .H(4B)" 2.82 H(3H). . .H(51)'X 
H(3B). * *H(5D)X 2.28 H(4H). * *H(3J)lX 
H(3B). * .H(5J)X 2.75 H(2K). * *H(3M)Xiii 
H(3B). . -H(4J)X 2.83 H(3K). * .H(3M)Xii' 
H(5B). *H(6M)vii 2.48 

2.41 
2.49 
2.68 
2.75 
2.42 
2.80 
2.57 
2.83 
2.79 

2.32 
2.12 
2.75 
2.80 
2.28 
2.5 1 
2.71 
2.73 
2.81 
2.57 
2.76 
2.78 
2.76 
2.83 
2.68 
2.48 
2.67 

a The superscripts refer to  the following symmetry transforma- 
tions: (i) x ,  1 + y ,  z; (ii) 2 - x ,  

+ z; (iv) 1 - x,  
x, 1 - y ,  -2; (vii) x,  -1 + y ,  z; (viii) 2 - x,  
2 - x ,  1 - y ,  1 - z ;  (x) x,  

to the three Ag-Ag distances of 3.095-3.438 A within the 
three Ag212 moieties but are substantially shorter than the two 
Ag( l)-Ag(2)' distances of 4.3 15 A across the bridge in the 
chair form. The much larger values of these latter two dis- 
tances in comparison with the others signify the relief in 
intramolecular nonbonding repulsions between the phenyl 
groups of the phosphines attached to these two silver atoms 
(viz., Ag(1) and Ag(2)' or Ag(1)' and Ag(2)) in the chair-like 
isomer. 
On the other hand, the six 1-1 distances of 4.399-4.801 A 

in the cubane structure compare well with the five 1-1 dis- 
tances of 4.505-4.763 A in the chair form despite the fact that 
1(2).-1( l)', which is the shortest iodine-iodine contact within 
the chair isomer, measures across the bridge joining the halves 
of the molecule. This smaller variation of iodine-iodine 
contacts (in comparison to the silver.-silver distances), both 
within each isomer and on going from the cubane to the chair 
form, suggests that iodine-iodine nonbonded repulsions dictate 
to a significant extent the molecular parameters within each 
isomer but appears not to be the determining factor in the 
cubane - chair isomerization. 

The 12 Ag-I distances in the cubane form, ranging from 
2.836 to 3.037 A, are close to that of 2.835-2.995 A for the 
Ag(CN = 4)-I(CN = 3) distances but are in general longer 
than that of 2.724-2.849 for the Ag(CN < 4)-I(CN < 3) 
distances, in the chair isomer. 

The Ag(CN = 4)-P distances of 2.455-2.462 A in the 
cubane form agree with the Ag(CN = 4)-P distances of 2.454 
A but are somewhat longer than the Ag(CN = 3)-P distances 
of 2.430 A in the chair form. 

The intracluster angles also show interesting patterns. 
Within the cubane form, all Ag-I-Ag angles are acute 

+ y ,  - z; (iii) x, 3 / z  - y ,  
+ y ,  - z; (v) x ,  3 / 2  - y ,  + z; (vi) 1 - 

+ y ,  - z ;  (ix) 
- y ,  + z; (xi) 1 - x,  

- y ,  ' I z  + z ;  (xiii) 1 - x,  2 - y ,  -z. 
+ y,  

- z;  (xii) x, 
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Table M. Nonbonding Contacts for (Ph,P),Ag,I, (Chair) 

A. Intramolecular I. - .H(Ph) (<3.80 A) and 
(Ph)H. . .H(Ph') (<2.85 A) Contacts 

I(2). . *H(3D)' ' 3.41 I(1). . .H(6B) 3.58 
I(2). . *H(2A) 3.47 I(1). * eH(2F)' 3.69 
I(2). . .H(2E) 3.62 I(1). . .H(6C) 3.78 
I(2). * dH(2D)' 3.69 H(2A). . .H(3D)' 2.77 
I(1). . .H(2D) 3.39 H(6A). . .H(2C) 2.70 

B. Intermolecular 1. . .H(Ph) (<3.80 A)  and 
(Ph)H. . .H(Ph') (<2.85 A) Contacts 

I(2). . .H(4A)!.a 3.12 H(3A). . .H(3D)y  2.36 
I(2). . .H(3B)U. 3.25 H(3A). * .H(3A)' 2.51 
I(2). . *H(3F)fU 3.31 H(4A). . .H(4F)a 2.83 
I(2). . *H(4C)!v 3.62 H(5A). . .H(6D)y' 2.47 
I(2). * *H(4F)11' 3.70 H(5A). * .H(5C)= 2.80 
I(1). . .H(5E)'. 3.17 H(6A). * .H(5D)viii 2.58 
I(1). * aH(4F)- 3.69 H(2C). . .H(3C)X, 2.64 
H(2A). . .H(4B)t 2.34 H(2F). * *H(3F)11' 2.77 
H(2A). . .H(3A)' 2.84 H(5F). . S H ( ~ F ) ~ '  2.58 

C. Intermolecular 1. * .C1(<4.20 A) and C1. . .H(Fh) (<3.40 A) 
Contacts between CH2C12 and (Ph,P),Ag,I, 

I(2). . .C1(4)lVQ 4.05 (2) Cl(3). * s H ( ~ E ) ~  3.40 
I(1). Cl(2) 4.13 (2) Cl(4). . v H ( ~ E ) ~  3.37 
Cl(1). .H(6D)' 3.30 Cl(5). . *H(6B) 2.96 
Cl(1). . *H(2C)X 3.38 Cl(5). . *H(6E)V 3.18 
CI(1). * *H(6E)V 3.35 CI(6). . .H(3B)X 3.38 
Cl(3). .H(2B)X 3.30 Cl(6). . *H(2E)V' 3.21 
Cl(3). . .H(6F)' 3.40 CI(3). . .H(6A)X 3.37 

a The superscripts refer to  the following symmetry transfor- 
mations: (prime) 1 - x ,  -y, -2; (i) 1 - x ,  1 - y ,  -2; (ii) 1 - x ,  
1 - y ,  1 - z ;  (iii) 2 - x ,  -y, -2; (iv) 1 + x ,  y ,  z ;  (v) 1 - x, -y, 1 - 
z ;  (vi) -1 + x ,  y ,  z; (vii) x, 1 t y ,  z; (viii) -1 + x ,  1 + y ,  z ;  (ix) -x ,  
1 - y ,  -2 ;  (x) -x ,  1 - y ,  1 - 2 ;  (xi) 2 - x, -y, 1 - 2. 

(64.53-8 1.07') whereas all I-Ag-I angles are obtuse 
(95.16-1 15.38'). A similar pattern is observed in the chair 
form except that the Ag( 1)-I( 1)-Ag(2)' angle across the 
bridge is obtuse (99.82'). Furthermore, the I-Ag-I angles 
in the chair form reflect the coordination number of the silver 
atom (118.90° for CN = 3 and 104.83-109.13' for CN = 4). 

A detailed comparison of van der Waals distances listed in 
Tables VI11 and IX indicates a significant relief in intra- 
molecular nonbonding repulsions in going from the cubane 
to the chair isomer. In fact, the shortest 1-H distance of 3.39 
A and the shortest H-.H distance of 2.70 A (both greater than 
the van der Waals values) in the chair form are 0.29 A larger 
than the corresponding values of 3.10 and 2.41 A, respectively, 
in the cubane form. Within the unit cell, each cubane-like 
molecule occupies 1784 A3 (V /Z  = 7 137 A3/4) whereas each 
chair-like molecule occupies ca. 1846 A3 (1936 - 1.5 X 60). 
This expansion of the van der Waals volume of the molecule 
in going from the cubane to the chair form, along with the 
remarkable distortion of the cubane-like structure, strongly 
supports the premise that the cubane - chair isomerization 
is to a large extent caused by intramolecular nonbonded 
repulsions due to the overcrowding of the bulky triphenyl- 
phosphine and the bridging iodine ligands (vide infra). 

An examination of the molecular parameters revealed that 
one of the six highly nonplanar Ag212 moieties (namely, 
Ag( 1)1(3)Ag(3)1(4)) in the cubane-like structure resembles 
the nonplanar Ag212 (Le., Ag( 1)1(2)Ag(2)1( 1)) fragment in 
the chair-like isomer. This resemblance is evident from the 
fact that each of these two nonplanar faces possesses the 
shortest Ag-Ag distances of 3.115 (2) and 3.095 (1) A and 
the longest 1-1 contacts of 4.801 (2) and 4.763 (1) A in the 
cubane- and the chair-like configuration, respectively. As a 
result, the Ag-I-Ag angles are also very similar in magnitude 
(viz., Ag( 1)-1(3)-Ag(3) of 64.53 (4)' and Ag( 1)-1(4)-Ag(3) 
of 65.93 (5)' in the cubane and Ag(l)-I(2)-Ag(2) of 67.43 
(3)' and Ag(l)-I(l)-Ag(2) of 64.41 (3)' in the chair form), 
both being the smallest within each cluster. The main dif- 
ference between the two faces, however, is that in the former 
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the two silver atoms are approximately tetrahedral-coordinated, 
while in the latter one silver atom is approximately tetra- 
hedral-coordinated and the other is approximately trigonal- 
coordinated. This difference causes the two silver-iodine bonds 
formed by the trigonally coordinated silver atom to be sig- 
nificantly shorter than the other two in the chair form. 

The point of interest is that three of the four longest Ag-I 
bonds in the cubane-like isomer, viz., Ag( 1)-I( l),  Ag(4)-1(4), 
and Ag(2)-1(3), are approximately normal to the nonplanar 
face Ag( 1)1(3)Ag(3)1(4). Assuming that the longest bonds 
are most susceptible to cleavage in the course of isomerization, 
it is apparent that rupture of any two of these Ag-I bonds, 
followed by a rotation of ca. 180’ of the face opposite to 
Ag(l)I(3)Ag(3)1(4), will lead to the chair form. If this 
concerted mechanism (possibly triggered by solvation) is 
correct, the existence of a boat form which acts as an in- 
termediate in the isomerization process must be postulated. 
The conversion of the boat to the chair form, however, requires 
configuration inversion at the Ag-I bond about which the 
rotation takes place. On the other hand, we cannot rule out 
other plausible pathways which include the dissociation of the 
cubane isomer into two dimers followed by the recombination 
of the dimers to form the chair isomer. 

111. Factors Influencing Cubane + Chair Isomerization or 
Cubane - Chair Conversion. From a detailed comparison of 
the stereochemistries among the series (Ph3P)4Ag4X4 as well 
as with their copper analogues (Ph3P)4Cu4X4, (Et3P)4Cu4X4, 
and ( E ~ ~ A s ) ~ C U ~ I ~  primarily due to Churchill and co- 
workers,12 we are led to the conclusion that the stereochemical 
variations, which manifest themselves in (1) undistorted 
cubane-like structure in (Et3P)dCu& and ( E ~ ~ A s ) ~ C U ~ I ~ ,  (2) 
the distortion of a cubane-like structure in (Ph3P)4Ag4X4 and 
(Ph3P)4Cu4Cl4, (3) cubane + chair isomerism in 
(Ph3P)4Ag&, and (4) conversion to the chair-like configu- 
ration in (Ph3P)&u4X4 (X = Br, I), must be to a significant 
extent due to intramolecular nonbonded interactions. These 
latter interactions are dependent upon the size of the metal 
(M), the bridging halogen (X), the terminal pnicogen (Y), and 
the terminal ligand substituents (R) in the following ways. As 
(1) the covalent radii of the metal atoms decrease (e.g., Ag 
> Cu), (2) the sizes of the bridging halogen atoms increase 
(e.g., C1 < Br < I), (3) the terminal pnicogen atoms get 
smaller (e.g., As > P), or (4) the organic R groups become 
bulkier (e.g., alkyl < phenyl), the steric repulsions of the types 
M-eM, X-X, R-R, and R-X are enhanced. Though these 
nonbonded interactions are mutually interdependent, it is 
evident from the known data that the latter two are primarily 
responsible for the distortion of the cubane-like molecules from 
the optimal Td geometry. The degree of distortion generally 
follows the degree of steric hindrance. For example, the 
distortion of (Ph3P)4Ag414 (cubane-like) is much more severe 
than that of the corresponding chloride or bromide; similarly, 
(Et3P)4Cu& conforms to the precise Td symmetry as opposed 
to (Ph3P)4CudC14 which has a markedly distorted cubane-like 
structure. As this steric strain becomes unusually severe, the 
molecule eventually isomerizes as in the case of (Ph3P)4Ag& 
or converts as in the case of (Ph3P)&u4X4, X = Br, I, to a 
chair-like structure. 

A somewhat more quantitative measure of the steric hin- 
drance of the type R-X within the (R3Y)4M4X4 molecule is 
the overlap of the van der Waals sphere of the bridging ligand 
X with the cone angle of the terminal ligand R3Y. Using the 
estimated cone angle31 of 145’ for a triphenylphosphine ligand 
and the observed average M-X distances and average Y-M-X 
angles, Figure 5 shows such an effect for the cubane-like series 
(Ph3P)4Ag4X4 and ( P ~ ~ P ) ~ C L I ~ X ~  (X = C1, Br, I). For the 
copper systems, the curves labeled with primes refer to the 
hypothetical cubane-like structure based upon the Cu-X 
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Figure 5. Steric overlap of the cone angle (145” 3 1 )  of Ph,P and 
the van der Waals sphere*’ of X. (a) (Ph,P),Ag,X,: Ag-X = 
2.653,2.800,2.910 A,P-Ag-X= 122.35,122.32, 114 11” for X =  
C1, Br, I, respectively.” (b) (Ph,P),Cu,Cl,: Cu-Cl= 2.444 A, 
PCu-Cl= 122.02”; the curves labeled with primes are for hypo- 
thetical cubane-like structures of (Ph,P),Cu,X, based upon Cu-X 
= 2.438,2.544, 2.684 A and PCu-X = 120.02, 116.80, 109.56‘ 
for X = C1, Br, I, respectively, observed in the cubane-like (Et,P),- 
Cu,X, molecules.** 

distances and the P-Cu-X angles observed in the corre- 
sponding cubane-like (Et3P)4CuX4 clusters. It is apparent 
from Figure 5a that the (Ph)H-X type nonbonded repulsions 
in the (Ph3P)4Ag& species do not occur until X = I. Indeed, 
we observe to date the cubane + chair isomerization only for 
(Ph3P)4Ag&. On the other hand, the steric repulsions of the 
type (Ph)H-X increase significantly from (Ph3P)4Cu4C14 to 
(Ph3P)&u4Br4 and (Ph3P)4Cu414 as shown in Figure 5b, in 
accord with the observation of Churchill et al. that 
(Ph3P)4Cu4C14 possesses a distorted cubane-like structure 
whereas each of (Ph3P)&u&4 (X = Br, I) adopts a chair-like 
configuration in the solid state. 

In conclusion, as the steric hindrance among the ligands 
increases, the following stereochemical variation inevitably 
occurs 
symmetrical “cubane” --f distorted “cubane” --f (“cubane” 

+ “chair” isomerization) + “chair” 

Figure 6 summarizes such a stereochemical pattern for 
(Ph3Y)4M4X4. For the structurally yet unknown 
( P ~ ~ A s ) ~ C U ~ X ~  series we predict that the cubane - chair 
isomerism or conversion will take place somewhere between 
the (Ph3P)4Ag4X4 and the (Ph3P)&u4X4 series, Le., in the 
vicinity of (Ph3As)4Cu4Br4. 

Ionicity vs. Covalency-a Weak Link between 
(R3Y)4M4X4 and MX? Spectroscopic ionicity was believed 
to be the predominant factor in dictating the tetrahedral- 
octahedral transformation in solid electrolytes such as ar- 
gentous halide and cuprous halide. It has been shown by 

IV. 
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I I I 

CHAIR 
Figure 6. Stereochemical behavior of the (Ph,Y),M,X, (Y = P, 
As; M = Cu, Ag; X = C1, Br, I) molecules. 

Phillips32 and others33 that as the ionicity increases along the 
sequence CUI (0.692), CuBr (0.735), CuCl (0.746), AgI 
(0.770), AgBr (0.850), and AgCl(O.856), the tendency to form 
the more ionic rock salt (NaC1) structure with octahedral 
coordination as opposed to the more covalent zinc blende or 
wurzite structure with tetrahedral coordination increases. 
Thus, at STP, AgCl and AgBr adopt the former structure 
whereas AgI and CuX adopt the latter structure. Near the 
characteristic ionicity of 0.785, AgI can easily be transformed 
from the tetrahedral to the octahedral structure, with the 
energy difference being only 50.5 kcal/mol. 

A cubane-like molecular structure of (R3Y)4M&4 type can 
be considered as derived from the rock salt lattice of MX by 
taking one-eighth of the unit cell and embedding it in the 
tetrahedral array of the terminal ligands (or more precisely, 
Y). In such a formal transformation, however, the coordi- 
nation number of the metal atoms changes from six (in the 
rock salt structure) to four which is similar to that in the zinc 
blende or wurzite structure. Hence, we believe the formation 
of a cubane-like (R3Y)4M4X4 molecule from the MX lattice 
is formally analogous to the rock salt - (zinc blende or 
wurzite) transition in that it increases significantly the co- 
valency of the cluster core. In this context, it should be noted 
that in the (R3Y)4M4X4 series, the M-X bond lengths lie 
somewhere between the extremes expected for covalent and 
ionic bonds whereas the M-Y bond lengths fall into the normal 
covalent range. 

Similar argument can be applied to the chair-like structure. 
And, there seems to be a general correlation between the 
covalency in the parent MX and the tendency favoring a 
chair-like over a cubane-like structure. The apparent ex- 
ception, of course, is (Ph3P)4Cu4C14 which has a cubane-like 
configuration. In fact, the ease of cubane + chair isomer- 
ization in (Ph3P)4Ag& coincides with the ease of zinc blende 

rock-salt transition in AgI. This qualitative analogy ap- 
parently stems from the small energy difference between 
tetrahedral and trigonal coordinations in (Ph3P)4M4X4 and 
between tetrahedral and octahedral coordinations in MX, 
especially when the ionicity approaches the characteristic value 
of 0.785 (i.e., longer, more numerous, and more ionic bonds 
in higher coordination lie close in energy to shorter, less 
numerous, and more covalent bonds in lower coordination). 

However, on account of the fact that all (Et3yhM4X.1 
species known to date adopt a cubane-like structure, we 
maintain that intramolecular van def Waals interactions play 
a determinative role in dictating the molecular structure of 
the (R3Y)4M4X4 cluster family, providing that the ionicity 
of the M-X bond lies close to the critical.value separating 
sphalerite and rock salt structures. 

Furthermore, the fact that (Ph3P)&g& represents the first 
determined metal cluster which can exist in both cubane and 
chair forms in the solid state suggests that these forms are 
fairly close in energy with the difference being comparable 
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to van der Waals interactions (as well as solvation or crystal 
packing). 

Supplementary Material Available: Tables of observed and cal- 
culated structure factors for the cubane and the chair isomers of 
(Ph3P)&g414 (40 pages). Ordering information is given on any current 
masthead page. 
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The product of the reaction of decafluoroazobenzene with R U ( C H ~ ) ( P P ~ ~ ) ~ ( ~ - C ~ H ~ )  has been shown by a crystal structure 
analysis to have an unusual structure. Crystals of (diphenyl(2-(~-cyclopentadienyl)phenyl)phosphine)(nonafluoro- 
(pheny1azo)phenyl-Cz,N')ruthenium are monoclinic, space group P21 /c, with four molecules in a unit cell of dimensions 
a = 15.650 (14) A, b = 13 338 (11) A, c = 14.741 (11)  A, and /3 = 97.38 (3)'. The structure determination was based 
upon 3092 independent nonzero diffraction maxima with 20 < 45' collected by counter methods. A blocked full-matrix 
least-squares refinement converged to a final conventional discrepancy factor of 0.046. The molecule contains not only 
the expected metalated perfluoroazobenzene ligand but also a linkage between the 11-cyclopentadienyl group and one of 
the phenyl rings of the triphenylphosphine. The resulting C,T chelating configuration causes the substituted cyclopentadienyl 
ring to be tilted by - 13' relative to the ML3 portion of the molecule. The fluorinated azobenzene ligand is bound in a 
chelating fashion via Ru-C and Ru-N bonds. The free phenyl ring is twisted by 64.6' from from the chelate plane. Bond 
distances involving this ligand include Ru-N = 2.020 (5) A, Ru-C = 2.013 (6) A, and N-N = 1.310 (7) A. 

Introduction 
The ortho metalation of azobenzene, first reported about 

10 years ago,' has proven to be the prototype of an extensive 
and important series of chemical  reaction^.^-^ These reactions 
typically involve formation of a metal-carbon u bond to an 
aromatic ring, with the displaced hydrogen atom either being 
eliminated or remaining bound to the metal atom. It is 
generally believed that the metalation of azobenzene proceeds 
by a pathway involving initial metal coordination of the azo 
group, followed by intramolecular attack upon the aromatic 
ring remote from the bound nitrogen atom.2 Studies of the 
metalation of substituted azobenzenes by PdC142- strongly 
suggested an electrophilic mechanism for the intramolecular 
metalation process in this c a ~ e . ~ , ~  However, it has been 
suggested that under other circumstances (e.g., electron-rich 
metal atoms, azobenzenes with electron-withdrawing sub- 
stituents) metalation could occur by a nucleophilic pathways7 
This hypothesis has found support in studies of the metalation 
reaction of 3-monofluoroazobenzene with CH3Mn(CO)s, 
where the predominant product is the isomer which would be 
favored by a nucleophilic mechanism.6 

In view of these results, the reactions of polyfluorinated 
azobenzenes, which should be susceptible to nucleophilic 
attack, with various transition metal systems have been 
inve~t iga ted~,~  in order to determine whether metalation can 
occur by fluorine abstraction from these ligands. From the 
reaction of R u ( C H ~ ) ( P P ~ ~ ) ~ ( ~ - C ~ H ~ )  with decafluoroazo- 
benzene, a product was obtained whose 19F NMR spectrum 
was that expected of a metalated C ~ F S N ~ C ~ F ~  ligand but 
whose 'H NMR spectrum suggested that substitution had also 
occurred on the cyclopentadienyl ring.9 We now report results 
of a crystal structure analysis of this product, which confirms 
the proposed metalated structure and demonstrates that an 
unusual type of linkage has been formed between the cy- 
clopentadienyl group and one of the phenyl rings of the tri- 
phenylphosphine ligand. These results have previously ap- 

Table I 

A. Crystal Data 
Formula RuC3,F,H,,N2P V 
Fw 769.57 Z 

3051.5 A3 
4 

a 15.650 (14)A d(obsd) 1.70 (5) g/cm3 
b 13.338 (11) A d(ca1cd) 1.68 g/cm3 

P 97.38 (3)" A M 0  K 4  6.5 cm-' 
c 14.741 (1 1) A Space group P2, /c  

E. Experimental Parameters 
Radiation Mo Ka,  h(Kor,) Scan range -0.65 + 0.60" 

0.709 30 A, in 28 from 
3.0-mil Nb filter Ka, ,  Peak 

Temp 23°C Background 20-s fixed 
Receiving 5 X 5 mm, 29 cm counting counts at each 

aperture from crystal end of scan 

angle Data collected 4135 
Scan rate l.O"/min in 28 Data with 3092 

Takeoff 2.1" 26 (max) 45" 

Fo2 > 3o(Fo2) 

peared in preliminary form.1° 
Experimental Section 

Data Collection and Reduction. A suitably crystalline sample of 
the title compound was supplied by Dr. M. I. Bruce. Preliminary 
precession photographs showed monoclinic symmetry with systematic 
absences (h01, I # 2n; OkO, k # 2n) uniquely defining space group 
P21/c. Cell parameters were obtained by least-squares refinement 
of the setting angles of 13 reflections which had been accurately 
centered on a Picker four-circle x-ray diffractometer.ll Owing to the 
solubility of the crystals in many solvents and to the limited amount 
of sample available, only an approximate value of the observed density 
could be determined by flotation methods. Crystal data are tabulated 
in part A of Table I. 

Intensity data were collected from a dark green thin platelet of 
dimensions 0.09 X 0.23 X 0.38 mm mounted approximately along 
the crystallographic b axis. Bounding planes belonged to the (loo), 
( O l O ) ,  (OOl), and (1 10) forms. Narrow-source, open-counter w scans 
through several reflections displayed an average full width at half- 




