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Synthesis of large palladium clusters. 
The preparation of Pd38(CO)28(PR3)12 (R = Et, Bu n) 

and Pd34(CO)z4(PEt3)lZ 
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Several methods for the synthesis of the Pd38(CO)28L12 cluster (L = PEt3) by treatment 
of Pdlo(CO)I2L 6 with CF3COOH--Me3NO, CF3COOH--H202, Pd(OAc)2--Me3NO , and 
Pd2(dba) 3 mixtures (dba is dibenzylideneacetone) were proposed. The tri-n-butylphosphine 
analog, Pd38(CO)28(PBu3)I2, was synthesized by the reaction of Pdlo(CO)14(PBu3) 4 with 
Me3NO. The reaction of Pd4(CO)5L 4 with Pd2(dba) 3 yields clusters with an icosahedral 
packing of the metal atoms, Pd34(CO)24L12 and Pdl6(CO)I3L 9. 
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The methods for the synthesis of a series of indi- 
vidual palladium clusters containing an intrapolyhedral 
metal atom, viz., Pd16(CO)13L9 (1), Pd23(CO)22(PR3)lO 
(where R = Et (2) and Bu), and Pd23(CO)20L s (3), have 
been described earlier. 1 

The purpose of the present work is to develop proce- 
dures for the synthesis of two other large clusters, 
Pd38(CO)28LI2 (4) and Pd34(CO)24LI2 (5), which con- 
tain several intrapolyhedral atoms. Earlier, complex 4 
was obtained in a low yield z by the reaction of 
PdIo(CO)t2L 6 (6) with Pd(OAc) 2. This reaction usually 
yields a mixture of two, three, or four clusters, some- 
times containing 5. The structures of complexes 4 and 5 
were established by X-ray analysis* (the structure of 4 is 
described in Ref. 2). 

We have investigated the reactions of the clusters 6, 
Pd4(CO)sL 4 (7), and PdI0(CO)I2L' 6 ( L ' =  PBu3) (8) 
with CF3COOH, H20 2, air, Pd2(dba)3, and CF3COOH--  
Me3NO, C F 3 C O O H - - H 2 0  2, and Pd(OAc)2--Me3NO 
mixtures in an inert atmosphere. 

The above-mentioned reagents are capable of bind- 
ing ligands through oxidation (Me3NO , H202, 02) , 
protonation (CF3COOH), or complexation (Pd(OAc)2 
and Pd2(dba)3 ). Since the elimination of even one mole- 
cule from the ligand environment of a cluster results in 
enlargement of this cluster, all of these ways are effec- 
tive. The main difficulty is finding the conditions, which 
cannot be predicted, for obtaining the individual com- 
pounds. This problem is complicated by the formation 

* X-ray structure analysis was performed by Yu. L. Slovokho- 
toy and Yu. T. Struchkov (A. N. Nesmeyanov Institute of 
Organoelement Compounds of the RAS). 

of a rather great number of reaction products that have 
ligand environments of the same type, although their 
metal polyhedra have different structures. Up to now, 
six such "islands of stability" with nuclearity n > 10 have 
been found only by X-ray analysis. 

These reactions show a clear dependence on kinetic 
factors. This fact made it possible to find the conditions 
for obtaining compounds in the individual state using a 
significant number of deliganding agents. 

The results of  deliganding via t rea tment  with 
CF3COOH and a CF3COOH--Me3NO mixture are given 
in Table 1. The reaction with CF3COOH usually yields 
no solid crystalline products, and the addition of Me3NO 
is necessary to form crystals of the carbonylphosphine 
clusters. 

Pd10(CO)12L6 + Me3NO + CF3COOH ~ Pd38(CO)28L12 + 

6 4 

+ CO + CO 2 + [HL]+[CF3CO0] - + [Me3HN]+[CF3CO0] - 

To obtain cluster 4 in the individual state, the follow- 
ing conditions must be fulfilled: the ratio g : Me3NO 
must be (1 : 4)- (1  : 16) and Me3NO : CF3COOH 
must be (1 : 2)-(1 : 4). Low (see Table 1, entry 4) and 
high concentrations of Me3NO and CF3COOH (entries 
17, 20--23), as well as concentrations of Me3NO higher 
than those of CF3COOH (entries 18 and 19) are unsuit- 
able. In addition, the reaction is sensitive to the actual 
concentration of CO. Thus, even a single elimination of 
the CO generated results in a mixture of clusters (see 
Table 1, entries 5--7, 9, 12, 13). 

Tetramer 7 may also be used as a starting compound 
for synthesizing cluster 4 (entry 25). 
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T a b l e  1. Synthesis  condi t ions ,  yields and compos i t ions  o f  the products  o f  the react ion o f  cluster 6 with C F 3 C O O H  and Me3NO 

Entry  6 :  C F 3 C O O H  6 : M e 3 N O  zr/day Compos i t ion  o f  the crystalline products  (%) [yield (%)] 

1 2 3 4 5 Unident i f i ed  
c o m p o u n d s  

1 1 : 5  . . . . . . . .  
2 l : 30 . . . . .  100 [58] - -  - -  
3 1 : 4 0  - -  1 . . . . . .  
4 l : 5  1 : 0 . 5  . . . . . . .  
5 1 : 5 1 : 0.5 7 - -  23 [15] - -  70 [51] 7 [5] - -  
6 1 : 40 I : 3 0.2** - -  - -  30 [18] 10 [6] - -  60 [37] 
7 l : 5 1 : 4 5 - -  - -  - -  79 [49] - -  21 [16]*** 
8 l : 10 1 : 4  . . . .  100 [45] - -  - -  
9 I : 10 1 : 4 0.04 - -  24 [i0] - -  76 [35] - -  - -  

10 1 : 3 0  1 : 4 . . . .  100161] - -  - -  

11 1 : 1 0  1 : 8 . . . .  100 [ 3 8 ]  - -  - -  

12 1 : 10 1 : 8 0.04 20 [14] 71 [54] - -  6 [5] 3 [2.5] - -  
13 1 : 10 1 : 8 1 - -  - -  - -  25 [7] 25 [7] 50*** 
14 1 : 30 1 : 8 . . . .  100 [50] - -  - -  
15 1 : 70 1 : 8 . . . .  I00 [34] - -  - -  
16 1 : 30 1 : 16 . . . .  100 [50] - -  - -  
17 1 : 120 1 : 16 . . . . . .  100 [42] 
18 l : 10 1 : 20 . . . . . .  100188]*** 
19 1 : 10 1 : 20 - -  27 [9] . . . .  73*** 
20 1 : 60 1 : 30 . . . .  81 [46] - -  19 
21 1 : 120 1 : 30 . . . . . .  100 [32] 
22 1 : 120 1 : 60 . . . .  15 [6] - -  85 
23 1 : 240 1 : 60 . . . . . .  l O0 [44] 
24* 1 : 12 . . . . . . . .  
25* 1 : 4 0  1 : 10 . . . .  100 [22] - -  - -  

Note. For  0.095 m m o l  o f  6; Me2CO (7 mL)  + E t20  (2 mL) as the solvent; T r is t ime from the beginning o f  the react ion to the 
renewal  o f  the  a tmosphere ;  volume o f  the gas phase was I20 mL; durat ion o f  the exper iments  was 7--17 days. C o m p o u n d s  were 
isolated as crystals, separated mechanica l ly  and identif ied by the IR spectra. 
* Starting cluster  7 (0.2 retool).  ** With subsequent  crystallization in the presence  o f  water  vapor.  *** Amorphous .  

Pd4(CO)sL 4 + MeaNO + CF3COOH ~ 4 + CO + 

7 

+ CO 2 + [HL ]+ [CF3CO0]  - + [ M % H N ] + [ C F s C O 0 ]  - 

H o w e v e r ,  t h e  r e p l a c e m e n t  o f  P E t  3 w i t h  P B u  3 d o e s  

n o t  y i e l d  Pd38(CO)28L '12  (9)  as  a s e p a r a t e  c o m p o u n d  
e v e n  u n d e r  t h e  c o n d i t i o n s  t h a t  w e r e  f o u n d  to  be  o p t i -  

m a l .  I n  t h e  c a s e  o f  t h e  ra t io  8 : M e 3 N O  : C F 3 C O O H  = 

1 : 8 : 30,  a m i x t u r e  o f  c l u s t e r s  9 a n d  Pd23(CO)22L'10 
c o n t a i n i n g  s t a r t i n g  8 f o r m e d .  T h e  r a t i o  b e t w e e n  t h e  

c o m p o n e n t s  o f  t h e  m i x t u r e  d e p e n d s  o n  m a n y  f a c t o r s  

a n d  is n o t  e a s i l y  c o n t r o l l e d .  

Pd10(CO)12L'6 + M%NO + CFaCOOH ~ PO38(CO)28L'12 + 

8 9 

+ Pd23(CO)22L'lo + CO + CO 2 + [HL']+[CF3CO0] - + 

T h e  I R  s p e c t r u m  o f  c l u s t e r  9 e x h i b i t s  t h e  s a m e  se t  o f  

a b s o r p t i o n  b a n d s  as t h e  s p e c t r u m  o f  4. 

T h e  s a l i e n t  f e a t u r e  o f  t h e  s y n t h e s i s  o f  c l u s t e r  4 by  t h e  
o x i d a t i o n  o f  c o m p l e x  6 w i t h  h y d r o g e n  p e r o x i d e  a n d  a 

C F 3 C O O H - - H 2 0  2 m i x t u r e  is t h e  n a r r o w e r  r a n g e  o f  

s u i t a b l e  c o n c e n t r a t i o n s ,  i.e., t h e  r a t i o  6 : H 2 0 2  : 

C F 3 C O O H  = l : 1 : ( 5 - - 1 0 )  ( T a b l e  2). T h e  o x i d a t i o n  
o f  c l u s t e r  6 b y  a i r  r e su l t s  in  a s i m i l a r  se t  o f  p r o d u c t s .  

6 + H 2 0 2 +  CF3COOH ~ 4 + C 0  + 

4- 002 + H20 4- OPEt 3 + [HL]+[CF3CO0] - 

Sti l l  m o r e  s t r i n g e n t  r e q u i r e m e n t s  fo r  t h e  r a t i o  o f  t h e  
r e a g e n t  c o n c e n t r a t i o n s  a r e  n e c e s s a r y  fo r  t h e  s y n t h e s i s  o f  

c l u s t e r  4 b y  t r e a t m e n t  w i t h  P d ( O A c ) 2  a n d  M e 3 N O ,  viz., 
6 : P d ( O A c )  2 : M e 3 N O  = 1 : 3 : 1. 

+ [Me3HN]+ [CF3CO0!  - 

I t  w a s  p o s s i b l e  t o  o b t a i n  c l u s t e r  9 f r o m  a n o t h e r  

d e c a n u c l e a r  i s o m e r ,  Pd~o(CO)~4L '4 ,  by  t h e  t r e a t m e n t  
w i t h  2 e q u i v ,  o f  M e 3 N O  in  t h e  a b s e n c e  o f  C F 3 C O O H .  

PO10(CO)14L'4 + Me3NO ~- 

~- 9 +  CO + CO 2 +  OPBu 3+  Me3N 

6 + Pd(OAc) 2 + Me3NO 

4 q- CO +CO 2 4- L2Pd(OAC)2 + Me3N 

T h e  m o s t  c o n v e n i e n t  p r o c e d u r e  fo r  t h e  s y n t h e s i s  o f  

c l u s t e r  4 is t h e  r e a c t i o n  o f  6 w i t h  a C F 3 C O O H - - M e 3 N O  
m i x t u r e .  

A n  i n v e s t i g a t i o n  o f  t h e  p r o d u c t s  o f  t h e  r e a c t i o n  o f  
c o m p l e x  6 w i t h  Pd2(dba )3  r e v e a l e d  t h e  p r e f e r e n t i a l  f o r -  
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T a b l e  2. Synthesis  condi t ions ,  yields and compos i t ions  o f  the products  o f  the  react ion o f  cluster 6 with 
t1202, C F 3 C O O H  , and  air 

Entry 6 : H 2 0  2 6 : C F 3 C O O H  Compos i t i on  o f  the crystalline products  (%) [yield (%)] 

2 4 Uniden t i f i ed  
c o m p o u n d s  

1 1 : 0.1 - -  100 [131 - -  - -  
2 1 : 0.3 - -  100 [15] - -  - -  
3 l : 2.5 - -  11 [41 89 [361 - -  
4 1 : 6.0 - -  - -  93 [43] 7** 
5 1 : 0.5 1 : 5 34 [14] 53 [26] 13 
6 1 : 1 1 : 2.5 35 [17] 65 [35] - -  
7 1 : l 1 : 5 - -  100 [49] - -  
8 I : I 1 : 10 - -  100 [49] - -  
9 1 : 2 1 : 20 - -  30 [16] 70** 
1 0 "  - -  - -  - -  95 [421 5 * *  

Note. Durat ion  o f  the  react ions was 5--10 days, volume of  the  gas phase was 40- -100 mL.  Fo r  the  o the r  
condi t ions ,  see the  note  in Table 1. 
* Oxidizing agent  is air. ** Amorphous .  

m a t i o n  o f  c l u s t e r  5 w h e n  t h e  6 : P d 2 ( d b a )  3 r a t i o  was  

(1 : 2 . 5 ) - ( 1  : 3) ( T a b l e  3, e n t r i e s  4 - - 7 ) .  T h e  p o l y h e -  

d r o n  o f  t h i s  c o m p o u n d  c o n s i s t s  o f  r e c i p r o c a l l y  p e n e t r a t -  

ing  i c o s a h e d a .  A d d i t i o n s  o f  M e 3 N O  a n d  H O A c  o r  t h e  
r e m o v a l  o f  C O  d e c r e a s e  t h e  s e l e c t i v i t y  o f  t h e  r e a c t i o n .  I f  

t h e  r e a c t i o n  is c a r r i e d  o u t  in t h e  a b s e n c e  o f  E t 2 0 ,  a 

s i ng l e  p r o d u c t ,  4,  is f o r m e d  ( s e e  T a b l e  3, e n t r i e s  9--13). 
T h e  y i e l d s  o b t a i n e d  i n d i c a t e  t h a t  Pd2(dba )3  n o t  o n l y  ac t s  

as a l i g a n d  a c c e p t o r ,  b u t  t o  a l e s s e r  d e g r e e  in  a s e r i e s  o f  

c a s e s  t h e  m e t a l  a t o m s  o f  t h e  d i b e n z y l i d e n e  c o m p l e x  a re  

i n c l u d e d  in  t h e  f o r m e d  c o m p o u n d s .  

C l u s t e r  5 w a s  s y n t h e s i z e d  by  t h e  r e a c t i o n  o f  c o m p l e x  

7 w i t h  3 equ iv ,  o f  Pd2(dba )3 .  U s i n g  h a l f  t h i s  a m o u n t  o f  

Pd2(dba)3  g ives  P d 1 6 ( C O ) I 3 L  9. I t  is o f  i n t e r e s t  t o  n o t e  
t h a t  in  b o t h  c a s e s  c o m p o u n d s  w i t h  i c o s a h e d r a l  p a c k i n g  
a re  o b t a i n e d .  

T h e  r e a s o n s  fo r  t h e  f o r m a t i o n  o f  c l u s t e r s  5 a n d  1 a r e  

pa r t i a l l y  a s s o c i a t e d  w i t h  t h e  s t o i c h i o m e t r y  o f  t h e  r e a c -  

t i o n s  u n d e r  c o n d i t i o n s  o f  a d e f i c i e n c y  o f  C O .  

3 Pd4(CO)5L 4 + 1 1 Pd 2(dba)a ~ Pd34(CO)24L12 

7 5 

9 Pd4(CO)5L 4 + 14 Pd2(dba)3 7 C O  4 Pd16(CO)13L. 9 

7 1 

Table 3. Synthesis  condi t ions  and compos i t ions  o f  the products  o f  the reactions o f  clusters 6 and 7 with Pd2(dba)3 

Entry 6 : Pd2(dba) 3 7 : Pd?(dba) 3 6 : Me3NO HOAc ~r/h Compos i t ion  o f  the crystalline products  (%) Total  

/ m L  1 2 4 5 yield (%) 

1 1 : 1 . . . . .  44 35 21 70 
2 1 : 1.3 . . . . .  46 50 4 77 
3 1 : 2 . . . . .  44 44 12 98 
4 1 : 2.5 . . . . . . .  100 119 
5 1 : 2.5 . . . . .  11 - -  89 I25 
6 1 : 3 . . . . . .  9 91 132 
7 1 : 3 . . . . .  12 12 76 147 
8* 1 : 5 . . . . . .  7*** - -  59 
9 1 : 2.5 - -  - -  - -  1; 5 - -  33 5 62 132 
10 1 : 2 . 5  - -  1 : 3 - -  - -  - -  4 60 36 81 
11 1 : 2.5 - -  1 : 1.5 0.05 - -  - -  4 37 59 99 
12 1 : 2.5 - -  1 : 1.5 0.3 5 - -  11 26 63 133 
13"* 1 : 2.5 . . . . . .  100 - -  94 
14 - -  1 : 1.5 - -  - -  - -  100 - -  - -  - -  102 
15 - -  1 : 3 . . . . . .  100 58 

Note. For  0.062 m m o l  o f  6 and 0.08 mmol  o f  7; volume o f  the gas phase was 40- -60  mL;  durat ion o f  the  exper iments  was 
4 - -14  days. Fo r  the total yields are given relative to 6 or  7, respectively. For  the  o ther  condi t ions ,  see the note  in Table 1. 
* Dissolved with heat ing at 40 ~ ** In the  absence  o f  Et20.  *** In addi t ion to complex  4, 50 mg (55 %) o f  a black amorphous  
precipi tate  was isolated. For  this c o m p o u n d ,  found (%): Pd, 72.0; P, 3.0. 
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Of the Pd carbonylphosphine clusters containing in- 
trapolyhedral metal atoms, clusters 5 and 1 have ligand 
spheres with the lowest number  of CO groups. 

We know only one example of the use of Pd di- 
benzylidene complexes for the synthesis of carbonyl- 
phosph ine  c o m p o u n d s ,  viz., the synthesis  of 
Pds(CO)8(PMe3) 7 by the reaction of Pd(dba) 2 with PMe 3 
and CO. 3 

Experimental 

The grades of the reagents and the methods for the syn- 
thesis and analysis of the compounds are described in our 
pervious work 1 (see also references herein). The Pd2(dba) 3 
complex (see Ref. 4) was recrystallized from a CHCl3--heptane 
mixture. The concentration of H202 ("pure for analysis" grade) 
was monitored by permanganatometry. All of the reactions 
were performed in an argon atmosphere. IR spectra were 
recorded on a Specord M80 spectrophotometer using samples 
suspended in vaseline oil in an argon atmosphere. 

Synthesis of cluster 4. A. The reaction of complex 6 with 
CF3_COOH and Me_3NO.~. A mixture of 6 (0.200 g, 0.095 mmol) 
and Me3NO" 2H20 (0.042 g, 0.378 retool) was dissolved in a 
mixture of Me2CO (7.5 mL), Et20 (1.5 mL), and CF3COOH 
(0.20 mL, 2.70 mmol) at 30 ~ and stored for 17 days at 
room temperature. The precipitate of black crystals was washed 
with Me2CO and Et20 and dried in vacuo. Cluster 4 was 
obtained in 0.096 g (61%) yield. Found (%): Pd, 64.37; 
P, 5.82. C100H180028P12Pd38. Calculated, (%): Pd, 64.74; 
P, 5.95. IR, v(CO)/cm-l: 1899 s, 1885 s--m, 1849 s, 1842 
s--m, 1817 m sh, 1778 w. 

B. The reaction of complex 7 with CF_3_COOH and Me_3NO. 
Compound 7 (0.217 g, 0.209 mmol) and Me3NO'2H20 
(0.232 g, 2.087 retool) were stirred in a mixture of Me2CO 
(7 mL), Et20 (2 mL), and CF3COOH (0.62 mL, 8.37 retool) 
for 10 rain at 30 ~ and stored for 8 days at room tempera- 
ture. The precipitate of black crystals was washed with Me2CO 
and dried in a flow of Ar. The yield of cluster 4 was 0.031 g 
(22 %). IR, v(CO)/cm-l: 1899 s, 1885 m, 1850 s, 1840 m, 
1817 w. 

C. The reaction of complex 6 with CF_3COOH and H202~ 
A mixture of Me2CO (7 mL), Et20 (2 mL), CF3CO-O~I 
(0.07 mL, 0.945 mmol), and a 2.15 % solution of H202 
(0.15 mL, 0.095 mmol) was added to compound 6 (0.200 g, 
0.095 mmol). The reaction mixture was stirred until dissolu- 
tion and stored for 7 days at room temperature. Cluster 4 was 
obtained in 0.076 g yield as black crystals. The IR spectrum 
was identical to that of cluster 4 prepared by procedures d 
and B. 

D. The reaction of complex 6 with Pd(OAc)2~ A mixture of 
6 (0.200 g, 0.095 mmol), Pd(OAc)2 (0.064 g, 0.285 mmol), 
and Me3NO" 2H20 (0.011 g, 0.099 mmol) was dissolved in a 

mixture of Me2CO (7.4 mL), Et20 (1.6 mL), and EtOH 
(0.3 mL) and stored for 8 days at room temperature. Cluster 4 
(0.085 g) was obtained as black crystals in 54 % yield. The IR 
spectrum was identical to that of cluster 4 prepared by the 
above described procedures. 

Synthesis of cluster 5. A. Reaction of 6 with Pd2(dba)3~ A 
mixture of 6 (0.130 g, 0.062 retool) and Pd2(dba)3-CHC13 
(0.160 g, 0.155 retool) was dissolved in a mixture of Me2CO 
(7 mL) and Et20 (2 mL) and stored for 4 days at room 
temperature. The precipitate of black flakes was washed with 
Me2CO and dried in a flow of Ar. The yield of cluster 5 was 
0.123 g (119 %). Found (%): Pd, 62.93; P, 6.40. 
C96HI80024PI2Pd34. Calculated (%): Pd, 63.38; P, 6.51. IR, 
v(CO)/em-I: 1892 s, 1865 s, 1837 s, 1809 s--m. 

Analogously, but in the absence of Et20, cluster 4 (0.095 
g) was obtained in 94 % yield as black crystals identified by its 
I R spectrum. 

B. Reaction of 7 with P d2Ld_b~3~ Cluster 7 (0.082 g, 
0.079 retool) and Pd2(dba)3"CHCl3 (0.245 g, 0.237 mmol) 
were stirred in a mixture of Me2CO (7 mL) and Et20 (2 mL) 
at 30 ~ until most of the solids were dissolved. The reaction 
mixture was stored for 5 days at room temperature. The 
precipitate of black flakes and finely divided crystals was 
washed with Me2CO and dried in a flow of Ar. The yield of 
cluster 5 was 0.031 g (58 %) and the yield of Pd(dba) 2 was 
0.041 g. The IR spectrum of 5, v(CO)/cm-l: 1893 s, 1865 s, 
1836 s, 1809 s, 1756 w. The IR spectrum of Pd(dba) 2 (tablets 
with KBr), v/cm-l: 1645 (C=O); 1617 (C=Cafiph); 1578 
(C=Carom); 1545 (C=Carom)- 

Synthesis of cluster 9. A mixture of Pdl0(CO)I4L' 4 (0.200 g, 
0.088 mmot) and Me3NO" 2H2 O (0.020 g, 0.180 mmol) was 
dissolved in a mixture of Me2CO (6 mL) and EtOH (1 mL). 
After 3 h, the atmosphere was renewed by introducing another 
portion of At. After an additional 24 h, the atmosphere was 
repeatedly renewed, and the solution was stored under the 
EtOH--H20 vapor liberated by a 1 : 6 H20--EtOH mixture. 
After an additional 3 days, the black crystals that formed were 
washed with EtOH and dried in vacuo. The yield of cluster 9 
was 0.046 g (27 %). Found (%): Pd, 55.33; P, 5.06. 
C172H324028PI2Pd38. Calculated (%): Pd, 55.73; P, 5.12. IR, 
v(CO)/cm-l: 1902 m, 1889 sh, 1852 m, 1845 sh, 1816 w. 
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