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Synthesis and Catalytic Activity of Dendritic 
Diphosphane Metal Complexes 
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on the occasion of his 60th birthday 

The synthesis of dendrimers with defined inner and outer 
structural elements provides access to macromolecular materi- 
als having special properties and functions"' that are, in prin- 
ciple, also useful for applications in catalysis. Although a num- 
ber of metal-containing dendrimers have been described,". *I 
they were rarely prepared for use as  catalyst^.[^-^^ As recently 
delineated by van Koten et al., such catalysts can be considered 
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to be at the interface between homogeneous and heterogeneous 
catalysis.r31 In the most favorable case they combine the advan- 
tages of both classes of catalysts, namely, the existence of a 
specific number of structurally defined, catalytically active 
metal centers as in traditional homogeneous catalysis as well as 
the possibility of simple separation and reuse of the catalyst as 
in heterogeneous catalysis. However, recycling has not yet been 
achieved for any dendritic metal catalyst. 

We now report on 1) a simple synthesis of dendritic diphos- 
phanes, 2) the preparation of the corresponding metal and 
bimetal complexes, 3) their application in catalysis, and 
4) modes of recycling the dendritic metal catalysts. 

The starting point of our synthesis is the DAB-based 
(DAB = 1,4-diaminobutane) polyamino dendrimer DAB-dendr- 
(NH,),, (l), which can be prepared according to the method 

1 

CH20kIPPhz I 

I 

2 (R = C6H5) 

of Vogtle et al.,',] and which is now commercially available.['' 
Double phosphinomethylation of each of the 16 primary amino 
endgroups, a reliable reaction type in simple cases,f81 was effect- 
ed in essentially quantitative yield upon use of Ph,PCH,OH 
prepared in situ from CH,O and HPPh,. The reaction affords 
the dendrimer DAB-dendr-[N(CH,PPh,)2]l,1g1 (2), which has a 
molecular weight"'] of 8029; it was characterized by elemental 
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analysis as well as IR and NMR spectroscopy. For example, 
during the course of the reacTion the NH bands in the IR spec- 
trum disappeared completely. The 13C NMR spectra of 1 and 2 
are also instructive (Figure 1). In particular, the signals at 
6 = + 30.6 and +40.3, corresponding to the C10 and C11 

C l l  

c10 

1 " ~ " " ' " " ' " " ' ' I  
75 50 25 

-6 
Figure 1. Portions of the "C NMR spectra of 1 (top) and of 2 (bottom). 

atoms of 1, are no longer visible in the spectrum of the phosphi- 
nomethylated compound 2, which is a clear indication of a 
quantitative reaction mode. The completeness of the double 
phosphinomethylation is also evident by inspection of the 31P 
NMR spectrum of 2. It shows a sharp signal at 6 = - 28.0 
and resembles the spectrum of the parent compound n-C,H,- 

The dendrimer 2 with 16 bidentate ligands on the outer sur- 
face provides the possibility of specific complexation with a 
variety of transition metals, and loading can be complete or 
partial. In an initial series of experiments complete metal load- 
ing forming the metal-containing dendrimers 3-6 was readily 
accomplished under standard reactions with [PdCI,(PhCN),], 
[Pd(CH,),(tmeda)] , [Ir(cod),BF,] and [Rh(cod),BF,] . For the 
purpose of characterization, correct elemental analyses and par- 
ticularly NMR spectroscopy were useful, especially as NMR 
data of the corresponding metal complexes of the parent com- 
pound n-C,H,N(CH,PPh,), were available for comparison : 
the 31P NMR data of the model compounds and of the den- 

N(CH,PPh,), (6 = - 27.8). 

DAB 

5 6 

drimers do not differ significantly (6 = + 8.3 for 3 and + 8.5 for 
[n-C,H7-N(CH,PPh,),PdClz]; +3.3 for 4 and +3.9 for [n- 
C3H7-N(CH,PPh,),Pd(CH3),]; +7.6 (d, JP,Rh = 141 Hz) for 
6 and + 7.8 (d, JP,Rh = 141 Hz) for [n-C,H,N(CH,PPh,),- 
Rh(cod)BF,]) . 

To prepare bimetallic complexes, dendrimer 2 was first loaded 
with [Pd(CH,),(tmeda)] to 50 %. Due to the statistical distribu- 
tion of the metal, the formation of a single defined product 7 is 
unlikely. The 31P NMR spectrum of the crude product shows 
two sharp signals at 6 = - 27.8 and + 3.5 for the metal-free and 
the metal-containing ligands, respectively. Upon reacting the 
material with [Ni(CH,),(tmeda)] , bimetallic dendrimers 8 were 
obtained. The 31P NMR mectrum reveals two signals at 
6 = + 3.5 and t18.5. 

8 [Pd(CH&(trneda)] 

RT, THF 
2 DAB-dendi 

8 [Ni(CH&(tmeda)] 
P 

RT, M F  
. DAB 

Initial experiments to test the metal-containing dendrimers in 
catalysis were successful, for example, in the Heck reaction" 
of bromobenzene 9 and styrene 10 with formation of stilbcne 11. 
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Reactants 9 and 10 were dissolved in dimethylformamide 
(DMF) and heated for 3 h at 130 "C in the presence of sodium 
acetate as base and complex 4 (0.125 mol% corresponding to 
2 mol YO "Pd-monomer") as catalyst. The insoluble inorganic 
components were filtered from the reaction mixture, and the 
clear solution was diluted with diethyl ether. Addition of this 
relatively unpolar solvent caused essentially complete precipita- 
tion ( > 98 YO) of a Pd-containing dendrimer, the precise struc- 
ture of which has not been determined.['21 The analysis of the 
reaction mixture by gas chromatography showed the presence 
of 11 (89%) and 1,l-diphenylethylene (11 %) at a conversion of 
85-90 %. The isolated Pd-containing dendrimer was used in the 
same reaction once more and displayed comparable catalytic 
activity (91 YO 11 and 9 %  1,l-diphenylethylene, conversion 
77%). The catalytic activity of the precatalyst 7 having 50% 
Pd-loading was similar. 

In the few previously known cases of catalysis with dendritic 
metal complexes, catalytic activity was shown to be slightly or 
significantly lower than that of the corresponding monomeric 
parent corn pound^.^^^^] In contrast, we observed in our system 
a significantly higher activity (typically, turnover numbers 
(TON) of 50 for 4 versus 16 for the parent compound 
[RN(CH,PPh,),Pd(CH,),1, R = n-C,H, or C,H,). This is at- 
tributable to the higher thermal stability of the dendritic com- 
plexes. Thus, in the case of 4 and 7 practically no undesired 
formation of elemental Pd was observed. In contrast, the Pd 
complexes of the parent compounds undergo partial decompo- 
sition with formation of Pd precipitates. 

Finally, in preliminary experiments the hydroformylation [ I  31 
of I-octene 12 was tested. Use of 0.0033 mol% (0.052 mol% 
"Pd-monomer") of the Rh-containing dendrimer 6 and a small 
excess ( 5 % )  of the free ligand 2 gave a smooth reaction with 
quantitative formation of the aldehydes 13 and 14 in a ratio of 

14 R = CsH,, 15 16 

60:40 (turnover frequency (TOF) = 360 h-I). These data are 
similar to the values obtained upon using the parent compounds 
[PhN(CH,PPh,),Rh(cod)BF,I or [n-C,H,N(CH,PPh,),- 
Rh(cod)BF,] (TOF = 240 h- * ; n/ko  = 62: 38 and TOF = 
185 h- ; n/iso = 61 : 39, respectively) .[I4] Although an efficient 
method for recycling the very small amounts of the dendritic 
catalyst still needs to be developed, several options are evident. 
The use of membrane reactors["] is a perspective that is also of 
interest for the other metal-containing dendritic catalysts de- 
scribed herein. 

The strategy that we have developed for the synthesis of 
dendritic diphosphanes opens a general way to prepare transi- 
tion-metal-containing dendrimers for use in catalysis. Thus, 
dendrimer 1 was treated analogously with CH201HP(cdo- 
c 6 H ,  1 ) 2  or CH,O/HP(C,H,), to provide the corresponding 
dendrimers with 16 outer cyclohexyl- or ethyl-substituted 
diphosphane units. The corresponding [Pd(CH,),I and 
[Rh(cod)BF,] complexes were also prepared analogouslY and 
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are currently the subject of further investigations, as are diphos- 
phane-metal complexes of the commercially available 
polyamino-dendrimer DAB-dendr-(NH,)6,[71 having 64 outer 
amino groups. 

Experimental Section 
Synthesis of dendrimer 2: Under an inert atmosphere the mixture of paraformalde- 
hyde (0.213 g. 7.09 mmol) and djphenylphosphane (1.35 mL. 7.76 mmol) in 
methanol ( 5  mL) was heated at 65-7O'C for 10 min. The reaction mixture was 
cooled to room temperature and treated with a solution of 1 (0.336 g, 0.20 mmol; 
3.19 mmol with respect to the amino endgroups) in methanol (3 mL). After 0.5 h 
stirring at room temperature. toluene (15 mL) was added, and the clear yellow 
solution heated at 65 'C for 0 5 h. To ensure complete reaction, the mixture was 
stirred for an additional 12 h at room temperature. The volume of the reaction 
mixture was concentrated under reduced pressure to about 3 mL, and methanol 
(10 mL) was added. The product precipitated in the form of a glassy colorless solid, 
which was dried under high vacuum for 10 h at 60-65'C. Yield: 1.53 g (>96%) 
IR (KBr): 1:[cm-'] = 3068 (phenyl), 3050 (phenyl), 2941 (NCH,), 2793 (NCH,), 
1484 (phenyl), 1479 (phenyl), 1432 (phenyl), 739 (phenyl). 693 (phenyl). 'HNMR 
(400 MHz, CDCI,): 6 = 1.45 (m, 60H. NCH,CH,CH,N, NCH,CH,CH,CH,N), 
2.18 (m, SZH, CH,NCH,CH,), 2 34 (m. 32H, NCH,CH,CH,NCH,P). 2.80 (m. 
32H, CH,NCH,P), 3.54 (m, 64H, NCH,P), 7.20 (m, 192H, phenyl), 7.37 (m, 
128H. phenyl). I3C{'H) NMR (101 MHz, CDCI,): b = 23.99 (s, C i a ) ,  24.26 (s, 
C4/7), 24.70(s, C l ) .  51.77(s. CY),  51.97(s, CX), 52.47(s.C5/6). 52.68 (s,Cj), 54.67 
(t. 'J(C,P) = 9.5 Hz. C f l ) ,  58.78 (dd, 'J(C,P) =14.1 Hz, 'J(C,P) = 8.6 Hz, 
NCH,P), 128.29 (m, phenyl), 133.03 (d, J(C,P)  =18.2 Hz, phenyl), 138.28 (d, 
J(C,P) =13.3 Hz, phenyl). 31P{1H} NMR (162 MHz. CDCI,): b = - 28.01 (s); 
elemental analysis calcd. for C,,,H,,,N,,P,,: C 75.39, H 7.03, N 5.23, P 12.34; 
found: C 75.18, H 6.91, N 5.24, P 12.59. 
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Isolation of the Quinone Mono 0,s-Acetal 
Intermediates of the Aromatic Pummerer-Type 
Rearrangement of p-Sulfinylphenols with 
1-Ethoxyvinyl Esters** 
Yasuyuki Kita,* Yoshifumi Takeda, Masato Matsugi, 
Kiyosei Iio, Kentoku Gotanda, Kenji Murata, and 
Shuji Akai 

Treatment of aliphatic sulfoxides with acid anhydrides leads 
to a Pummerer rearrangement to give 0,s-acetals. Because these 
products can be readily hydrolyzed to carbonyl compounds, 
these reactions have been widely utilized in a variety of organic 
syntheses (Scheme 1 a) .I1] On the other hand, similar reactions 
of aromatic sulfoxides have not been extensively explored. Pum- 
merer-type rearrangements of p-sulfinylphenols 1 would be a n  
effective method for the preparation of p-quinones 2 via the 
0,s-acetals B and would also be interesting from a mechanistic 
standpoint (Scheme 1 b). King and Jung et al. have reported 
related studies on the reaction of acid anhydrides with 33-  
dimethyl-4-(methylsulfinyl)phenol~z1 and with 4-methyl-2-(aryl- 
~u1finyl)phenols .~~~ 41 The main products in these reactions were 
obtained through conjugate addition of nucleophiles to the sul- 
fonium ions (like A), while the 0,s-acetals (like B) were ob- 
tained in very low yieldr2] and only in very few ~ases.1~1 

At the same time as the publications by Jung et al.,[3,41 we 
reported the Pummerer-type rearrangement of fully substituted 
p-sulfinylphenols 1 using trifluoroacetic anhydride (TFAA) as 
an effective method for preparation of p-quinones 2.1'1 We then 
extended this method to the o-unsubstituted p-sulfinylphenols 1 
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Scheme 1. a) Pummerer rearangement of aliphatic sulfoxides: b) Pummerer-type 
rearrangement of aromatic sulfoxides. 

using TFAA and allyltrimethylsilane[61 and also to the silyl 
ethers of 1, which enabled us to carry out the selective prepara- 
tion of dihydroquinones."] Our results are noteworthy because 
they show novel @so-substitution of sulfur functional groups 
into oxygen functional groups on phenol rings. 

Although all of these reactions are certainly thought to pro- 
ceed via the quinone mono 0,s-acetals B, we were never able to 
isolate or  even identify such acetal intermediates by spec- 
troscopy. Difficulties in isolating B have been described previ- 
ously[2-4] are probably due to the use of acid anhydrides as the 
initiator because acids or  counteranions generated from the 
reagents would readily react with B. 

Isolation of the acetal B is attractive from the view point of 
the utility of these compounds as useful synthons as well as the 
support of our proposed reaction mechanism. Here, we report 
the first isolation of the 0,s-acetals 3 by employing 1- 
ethoxyvinyl esters 2 a, b for the Pummerer-type rearrangement 
ofp-sulfinylphenols l.[', 91 Selective transformation of 3 into the 
quinones 4 and the dihydroquinone 6 was also achieved. This 
success is attributed to the fact that the reactions with the ketene 
acetal reagents 2['01 can be carried out under nearly neutral 
conditions, thereby releasing neutral and stable ethyl acetate as 
a single side product. 

We initially examined the Pummerer-type reaction of te- 
tramethyl-4-(phenylsuIfinyl)phenol ( I  a) using 1 -ethoxyvinyl ac- 
etate (2a) (5 equiv) under various conditions. The reaction in 
dry MeCN or dry toluene without a catalyst proceeded very 
slowly and required a high temperature or  a long reaction time, 
resulting in the formation of several products but not the 0,s- 
acetal 3a. On the other hand, use of a catalytic amount of 
p-toluenesulfonic acid (p-TsOH) in dry toluene sufficiently ac- 
celerated the reaction, so that 3a could be isolated in 69% yield 
after stirring at  60 "C for 1 h (Table 1). This result is completely 
different from that obtained by a similar treatment of 1 a with 
acetic anhydride and a catalytic amount ofp-TsOH in toluene at 
refluxing temperature: this reaction afforded the corresponding 
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