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The cationic rhodium(1) complexes [Rh(PNP)(C2H4)]X; X = 

BF4 (la), PF6 ( lb) ,  CF,SO:+ ( lc )  were prepared by addition of 
the tridentate ligand 2,6-bis(diphenylphosphanylmethyl)py- 
ridine (PNP) to a solution of [Rh(C2H,)2(solv)2]X (solv = ace- 
tone or TIIF) under ethylene. The complexes were characte- 
rized by IR and IH-, I3C-, and ,lP-NMR spectroscopy. The 
coordination of two ethylene molecules at the [Rh(PNP)]+ 
fragment could be detected by dynamic proton resonance of 
a solution of l a  under free ethylene. The styrene complex 
[Rh(PNP)(styrene)]BF, (4) was obtained by substitution of the 

ethylene from l a  with an excess of styrene. The TI coordina- 
tion of C2H4 and styrene in l a  and 4 respectively was confir- 
med by X-ray crystal structure analysis. The olefin comple- 
xes react with an excess of the secondary amine to gwe the 
corresponding amine complexes [Rh(PNP)(HNR,)]X; HNK2 
= piperidine (5), HNMe2 (6 ) ,  HNEt2 (7). Conversly, the amine 
could be released from the amine complexes with an excess 
of ethylene at low temperature by the formation of the ethy- 
lene complex l .  

The catalytic amination of olefins by N--H addition at 
the C-C double bond is of considerable interest in organic 
chemistry. By this method amines can be obtained directly 
without any by-product. The reaction (eq. 1 )  is thermo- 
dynamically allowed but kinetically strongly inhibited as a 
result of an insufficient interaction between the reactants at 
normal conditions. Since the reaction is also entropically 
unfavoured, catalysis is indispensible to realize the hydroa- 
mination of unactivated olefins. But up to now an effective 
catalyst for this reaction could not be developed'' 3J. 

'C=C' + R2NH - R2N-C-C-H (1) 

With the cationic ethylene Rh' complex 
[Rh(C2H4)(PPh3)2(Me2CO)]PFs the addition of secondary 
amines, such as piperidine, at the ethylene succeeded for the 
first time at room temperature and under normal pressure. 
Because of a fasl deactivation reaclion by the formation of 
catalytically inactive complexes a maximum TON of only 8 
mol amine per 1 niol rhodiuin could be reali~ed[~J]. 

cat. I I  
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raj Part XLVIII: R. Taube, H. Windisch, S. Maiwald. H. Hemling, 
H. Schumann, .I Orgonomet. Cliem. 1996, 513. 49-61. 

In order to learn more details about the possible reaction 
mechanism of the rhodium complex catalyzed hydroami- 
nation of ethylene, we are trying to trace those reaction 
steps considered crucial for the catalytic cycle with suitable 
model complexes. The ligand sphere of the catalyst complex 
is simulated in the model complex by using the tridentate 
ligand 2,6-bis(diphenylphosphanylmethyl)pyridinc (PNP)['] 
which forms with the rhodium(1) the chloride complex de- 
scribed by Vasapollo and co-worker~[~]. The tmns position 
of the phosphane ligand is stabilized in the complex by the 
chelate structure of the PNP ligand, cf. Scheme 1 .  

Scheme 1 .  The catalyst ~ o m p l e x [ ~ ~ ~ ]  and the model complex 1 

PPh3 1 + PPh2 1 + 

0-Rh- I I iH2 CH2 PF6- c f ! h - r 2  I CH2 X .  

PPh3 PPh2 

1 

The synthesis and spectroscopic characterization of the 
model complex 1 and its reactivity toward ethylene will be 
discussed, as well as the synthesis and N M R  investigations 

Chern Ber/Keczted1997, 130,939-945 8 VCH Verlagsgesellschatt mbH, D-69451 Weinheim 1997 000~-2940/97/0707~0919 $ 17 50+ 5OiO 939 



FULL PAPER C. Hahn, J. Sieler, R. Taubs 

of the analogous cationic Rh'-styrene complex. The X-ray 
crystal structure analyses of both cationic olefin complexes, 
and the reactivity toward secondary amines is rcported. 

Results and Discussion 
Synthesis and Characterization of [Rh(PNP)(C2H4)]X (X = BF4, 
PF6, CF3SW 

Attempts were made to prepare the cationic ethylene 
complexes [Rh(PNP)(C,H,)X (1) by the treatment of 
[Rh(PNP)Cl][7] with AgBF, and TlBF4 under ethylene[']. 
The reaction with the silver salt led to the deposition of 
silver. The reaction with the thallium salt progressed incom- 
pletely, yielding chloride-containing products. However, the 
synthesis succeeded when using the silvcr salt method or 
Schrock and Osborn[91 in the first step (cf. eq. 2), and by 
addition of the PNP ligand to the solution of the 
[Rh(C2H4)2( s ~ l v ) ~ ] X  complex in the second step according 
to eq. 3. 

solv 
1/2 [{Rh(CzH,),CI]]2 + AgX [ R ~ ( C ~ H ~ ) ~ ( S O I V ) ~ ] X  (2) 
+ AgCl 
X = BF4, s o h  = acetone 
X = PFG. CFqSO?, Solv. = THF 

[ R ~ ( C ~ H , ) ~ ( S O ~ V ) ~ ] X  + PNP [Rh(PNP)(C2Hj)]X (3) 
-GH,  
-2 soh 

X = BP4 l a  
PFh l b  
CF?SO? I C  

After the addition of the PNP ligand. the reaction mix- 
ture was stirred for 3 h under ethylene. During this time 
some yellow solid precipitated which was analyzed as the 
dinuclear ethylene free complex [Rh2(PNP)?]X2 (X = BF4 
2a, PF6 2b, CF3S03 2c), cf. eq. 4. The same feature occurs 
in the case of the synthesis of the chloride complex[']. 
2 [Rh(C2H4)2(SoIV)21X + 3 PNP [RhZ(PNP)T]X2 (4) 

- C J L  
-2 soh 

X = BF4 2a 
PFh 2b 
CF3S03 2c 

Since the dinuclear complexes are poorly soluble in ace- 
tone and THF, they could be separated easily by filtration. 
The cationic ethylene complexes were precipitated from the 
solution by dropping diethyl ether saturated with ethylene 
into the solution The complexes were isolated as orange 
coloured air-stable solids in relatively good yields after 
recrystalliLation in acetonddiethyl ether, except the hexa- 
fluorophosphate complex which was obtainable only in a 
smaller yield since the formation of the dinuclear complex 
2b i b  pronounced here (cf. Table 1). 

The characteristic IR bands (KBr pellet) of the coni- 
plexes la-c are listed in Table 2. The bands at C = 1600 
cm-' and P = 1560 em-' indicate the coordination of the 
pyridineL61. The band of the tetrafluoroborate anion in l a  
at 0 = 1084 cm-' lies in the region of the absorption of the 
free ion['"]. In the spectrum of 1 b the asymmetric stretching 

Table 1 .  Yield, temperature of decomposition or l a -c  and the pro- 
portion of the by-products 2a-c 

Complex Yield m p (dec ) By-product I"/.] 
["A] YCJ [Rhz(PNP)3]X2 2 

[Rh(PNP)(C2b)JBF4 la  70 180-190 Za 7 
[Kh(PNNP)(C2H4)]PF,j l b  45 190-200 2b 23 
[Rh(PNP)(C2H4)]S03CF3 lc  62 130-140 2c 6 

band at P = 838 cm-' and the band of the deformation 
vibration at P = 538 cin-' are characteristic of the non- 
coordination of the hexafluorophosphate[' I). Also the dif- 
ferent absorption bands for the triflate found in the spec- 
trum of l c  suggest that the CF3S03- anion is not coordi- 
nated to the rhodium['2]. 

Table 2. Tnfrared absorption bands for the pyridine ring and the 
anions of la-c  

Complex i; (pyridine ring) i; (anion) 

[Rh(PNP)(C2H4)]BF4 l a  1602,1560 1084 
[Rh(€"P)(C2&)]PF6 l b  1600, 1560 838,558 
[ R ~ ( P N P ) ( C Z H ~ ) ~ S O ~ C F ~  Ic 1600,1560 1276,1224,1150, 

3030,638,572 

The NMR spectra were recorded in [D6]acetone at room 
temperature. In the "P-NMR spectra of la-c a doublet at 
6 = 38.2 appears with a coupling constant of Jp-pll = 130 
Hz and is shifted downfield in comparison to the chloro- 
rhodium(1) complex [Rh(PNP)Cl] (6 = 21.4, Jp-ph = 152 
Hz, in [D8]toluene). The signal of the CH2P group in la-c 
exhibits a virtual triplet in the 'H-NMR spectra at 6 = 4.60 
and in the I'C-NMR spectra at 6 = 43.8. The identical 
chemical shifts of the complexes la-c in all NMR spectra 
confirm that the anions (BF4 -, PF6-, CF3S03-) must be 
non-coordinating in all cases. The relatively sharp singlet of 
the ethylene protons at 6 = 3.52 indicates fast rotation of 
the coordinated ethylene inolecule at room temperature. 
The "C-signal of the coordinated ethylene in la-c at 6 = 
59.5 is less upfield shifted in comparison to the chemical 
shift of free ethylene as in the catalyst complex 
[Rh(C2H4)(Me2CO)(PPh3)2]PF6(6 = 46.7)r41. 

Orange-coloured single crystals of 1 a suitable for X-ray 
structural analysis were obtained by warming up a solution 
of the complex saturated at -78°C in acetone under ethy- 
lene to room temperature. 

In Figure 1 the molecular structure of the cation of l a  is 
shown. The coordination of PNP and the ethylene generates 
a nearly square planar geometry. The complex exhibits C,- 
symmetry. The phosphanes are in a tmns arrangement with 
a P(2)-Rh-P(1) angle of 161.39(5)". This angle is remark- 
ably small compared to that of the catalyst complex 
[Rh(C2H4)(PPh3)2(Me2C0)]PF6 [173.95(3)o]L'31 due to the 
geometric strain of the two five-membered rings formed by 
the coordination of the chelate PNP ligand at the rhodium 
atom. The carbon-carbon distance in the coordinated 
ethylene molecule of the model complex l a  is 1.351(11) A 
and the rhodium-carbon distances are Rh-C(32) [2.142(6) 
A] and Rh-C(33) [2.157(6) A], both are practically the 
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Figure 1. Schakal drawing structure of thc cation of l a  without the 

phenyl protons'"] 

W 

la] Selected bond lengths [A] and angles ["I: Rh-N 2.092(4). 
RhkC(32) 2 142(6), RhbC(33) 2.157(6). RhbP(2) 2.2690(13). 
Rh-P(l) 2.3001(13), C(32)-C(33) 1 351(11), P(l)-C(6) 1.837(5). 
P(2)-C(7) 1.833(7); P(I)-Rh-P(2) 161.39(5), N-Rh-P(l) 
80.73112). N-Rh-P(2) 80.72(12). C(32)FRh- C(33) 36 6(3). 
N- R h - C(32) 1 56.3 (3), N - R h - C( 3 3) 1 66.8( 2). 

same as in the catalyst complFx (C-C [1.382(6) A] and 
Rh-C [2.120(4) A, 2.124(4) A]). In agreemcnt with the 
spectroscopic data the BF4- ion is arranged in the elemen- 
tal cell without the close interaction to the rhodium atom 
visible in Figure 2. 

Figure 2. Arrangement of the ions of l a  in the elemental cell 

Reactivity of [Rh(PNP)(C,H,)IBF, (la) toward Ethylene and 
Styrene 

When a solution of the complex 1 was cooled down in 
acetone saturated with ethylene, its colour changed from 
orange at room temperature to pale yellow at -78°C. This 
behaviour of the ethylene complex was monitored by a dy- 
namic proton NMR experiment for the case of l a  in [D6]- 
acetone under ethylene. The chemical shifts of the spectra 
from room temperature to -85°C are summarized in 
Table 3. 

At room temperature an average sharp signal at S = 4.68 
appears indicating a fast exchange of free and coordinated 
ethylene relative to the NMR time scale. By cooling the 
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Table 3. Dynamic 'H-NMR experiment of [Rh(PNF'XC2H4)]BF4 
l a  in fD,]acetonc under ethylene (500 MHy) 

9°C py-4(t) py-3.5(d) Ph(m) CH2 C2H4 
(vt) free coord 

23 8 02 

-20 8 2 4  8.01 
-30 8.28 8.06 
4 0  8 3 0  8.09 
4 S  8.31 8.09 
-50 8.32 8.10 
4 0  8.33 8.10 
-70 8.35 8.12 
-80 8.36 8.13 
-85 8.37 8.14 

7.76-7.72, 
7.59-7.52 
7.57-7.50 
7.57-7.43 
7.56-7.43 
7.56-7.43 
7.57-7 43 
7.57-7.46 
7 58-7.49 
7.57- 7.50 
7.57-7.51 

4.65 

4.88 
4.93 
4.97 
4.97 
4.98 
4.99 
5 03 
5.05 
5.06 

4.68 s 

4.09 br 
4.16 br 
3.94 br 
4.11 br 

4.7 br 3.5 br 
5.30 br 2.79 br 
5.40 br 3.25 br, 2.20 br 
5.41 br 3.39 br, 2.02 br 
5.42 s 3.40 br. 2.01 br 

sample this signal became very broad. The coalescence tem- 
perature lies between -45 and -50°C. 

In the spectrum at -70°C two broad signals of the coor- 
dinated ethylene were visible. While on cooling to -85°C 
the signal of the free ethylene became sharp the signals of 
the coordinated ethylene remained relatively broad. That 
means the rotation of the coordinated ethylene is faster 
than the intermolecular exchange. Obviously at low teni- 
pel-ature a five-coordinate bisethylene rhodium(1) complex 
3 was formed, cf. eq. 5, established by integration of the 
signal at 6 = 3.40 in the spectrum at -85°C. 

[R~(PNP)(C,HJ)]BF~ [R~(PNP)(CIH.+),]BF, (5) 
+(.J14 

-C-H, 
3 

pale yellow, -78°C orange. room temp. 

Similar intermolecular exchange of ethylene was de- 
scribed by Bennett for the case of the analogous cationic 
bis(ethy1ene) { 2,2'-bis(diphenylphosphanyl)-fran~-stilbene}- 
rhodium(1) complex[14]. 

By thc treatment of a solution of l a  in acetone with an 
excess of styrene, the precipitation of  a reddish orange solid 
was observed after 3-5 h. The volume of the reaction mix- 
ture was reduced to one half under reduced pressure. On 
addition of diethyl ether a further amount of the product 
was precipitated. The solid was filtered off and recrys- 
tallized in acetoae/dietliyl ether. Thc product ~7as identified 
as the cationic styrene complex [Rh(PNP)(styrene)]BF4 (4) 
by 31P-, 'H-. and 13C-NMR spectroscopy, formed by substi- 
tution of the ethylene according to eq. 6. 

l+ l+ 

- L2W PPh2 

la  4 

The expected displacemen1 of the ethylene by the styrene 
was possible since the styrene is an olefin with the stronger 
acceptor strength, as the studies about the relative stabilities 
of rhodium(1)-olefin complexes s h o ~ [ ' ~ , ' ~ I .  In the 31P- 
NMR spectrum of doublet at 6 = 41.7 with a coupling 
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constant of Jp-ph = 126 H L  is slightly downfield shifted 
compared to the appropriate signal of the ethylene com- 
plexes la -c  also indicating the stronger back donation in 
the styrene-Rh bond. The chemical shifts of the coordi- 
nated styrene are upfield shifted compared to the free styr- 
ene. In the 'H-NMR spectrum the signals of the olefinic 
protons lie at 6 = 4.96, 3.87, and 3.72 and in the I'C-NMR 
spectrum the signals of the olefinic carbons appear as dou- 
blets at 6 1 51.5 (,Irpnh = 12.2 Hz) and 6 = 75.8 (JCPRh 
= 11.4 Elz). Upon coordination of the styrene, the 
[Rh(PNP)]+ fragment loses its C, symmetry. Therefore the 
methylene protons become chemically inequivalent. In the 
'H-NMR spectrum a signal pattern of an AA'BB'XX' spin 
system appears for these protons consisting of two doublets 
of virtual triplets at 6 = 4.85 and 6 = 4.47 with a geminal 
coupling constant of JHd-Hb = 16.7 Hz, whereas in the I3C- 
NMR spectrum the signal of the methylene group is one 
virtual triplet at 6 = 43.5. 

Single crystals for X-ray crystal structure analysis were 
obtained rrom a saturated solution of 4 in acetone at room 
temperature. The molecular structure of the cation of 4, 
[Rh(PNP)(styrene)]+, is shown in Figure 3. 

Figure 3. SCHAKAL drawing of the cation of [Rh(PNP)(sty- 
rene)]+ (4)'"' 

La] Selected bond lengths [A] and angles ["I: Rh-N 2.102(3), 
Rh-C(32) 2.144(5), Rh-C(33) 2.201(4), Rh-P(2) 2.2916(10), 
Rh-P(1) 2.3004(1 I), C(32)-C(33) 1.383(7), P(l)-C(31) 1.843(5), 
P(2)-C(25) 1.836(5); P(l)-Rh-P(Z) 161.96(4), N-Rh-P(l) 
81.67(9), N-Kh-P(2) 80.44(9), C(32)-Rh-C(33) 37.1 (2),  
N -Rh-C(32) 157.0(2), N-RhkC(33) 165.8(2). 

The carbon-carbon distance in the olefinic Pouble bond 
of the q2-coordinated styrene is 1.383(7) A. The rho- 
dium-carbon distances are slightly different (Rh-C(32) 
[2.144(5) A], RkC(33)  [2.201(4) A]}. The bond lengths 
and angles of the coordinated PNP ligand are almost ident- 
ical to those found in the ethylene complex l a .  

Reactivity toward Secondary Amines 

The ethylene complexes la -c  react with secondary a- 
mines such as piperidine, dimethylamine, and diethylamine 
in THF by substitution of the ethylene at room temperature 
within a few hours to give the corresponding amine com- 
plexes 5a-c, 6, and 7 according to eq. 7, except to isopro- 

pylamine which did not show any reaction even after re- 
fluxing for several hours. Also the reaction of the styrene 
complex 4 with dimethylamine led to the liberation of the 
styrene and the formation of 6 in the same manner at room 
temperature as well as at -20°C. 

Conversely, the amine could be released from the ainine 
complex with an excess of ethylene at low temperature by 
the formation of the starting ethylene complex 1. Obviously 
the ethylene and the amine complexes are in thermo- 
dynamic equilibrium. No indication of a nucleophilic attack 
of the amine at the C-C double bond was observed. 
[Rh(PNP)(olefin)]X + HNR? + [Rh(PNP)(HNR,)]X + olefin (7) 

olefin =C2HJ la-c  HNR2 = piperidine 
PhCZH1 4 X = BF4, PFh, CF3SO-, 5a-c 

K = M e X  = BF4 6 
K = Et, X BF4 7 

The cationic amine complexes 521-12, 6, and 7, isolated 
from the reaction solution, are crystalline reddish orange- 
coloured solids and stable in air. The IR spectroscopic in- 
vestigations of the piperidine complexes [Rh(PNP)(pip)]X, 
(X = BF4: 5a; PF6: 5b; CF3S03: 5c) show that the anions 
are also non-coordinated in each case as discussed for the 
corresponding cationic ethylene complexes (see above), cf. 
Table 4. 

Table 4. Infrared absorption band% for the pyridine ring and the 
anions of 5a-c 

~~ ~~ 

Complex ? (pyndine ring) ?(anion) 

[Rh(PNP)@ip)]BF4 5a 1602,1558 1056 
[Rh(PNP)(pip)]PF6 5b 1604, 1566 840,558 
[Rh(PNP)(pip)]S03CF3 5c 1604, 1568 1274, 1224,1154, 

1030,638,572 

The amine complexes 5a-c, 6, and 7 were characterized 
by "P-, 'H-, and I3C-NMR spectroscopy. As expected, the 
chemical shifts of thc piperidine complexes 5a- c are Identi- 
cal. In the ?IP-NMR spectrum the doublet is observed at 6 
= 34.9 [JI. Kh = 152.7 Hz (5a), 164.9 Hz (5b), 149.3 Hz 
(SC)], 6 = 34.3 [ J p - ~ h  = 157.0 Hz] (6), and 6 = 38.9 [Jp Rh 

= 156.6 Hz] (7). The characteristic virtual triplet of the 
CH2P group found in the 'H NMR at 6 = 4.23 (5a-c), 
4.22 (6), and 4.30 (7) is slightly upfield shifted compared to 
the corresponding signal of la-c.  In the I3C-NMR spec- 
trum the virtual triplet of the CHzP group of the amine 
complexes appears in the same region as the ethylene com- 
plexes l a -c  (6 = 44.3: 5a-c; 44.5: 6; 43.9: 7). The hindered 
mobility of the coordinated secondary amines is indicated 
by ' H  NMR. Instead of the quadruplet for the NCH2 
group in the case of the free diethylamine, the 'H-NMR 
spectrum of 7 exhibits two multiplets (6 = 2.22, 2.45) for 
each proton of this methylene group, whereas the triplet for 
the terminal methyl group is maintained (6 = 1.20) which 
is downfield shifted. The 'H-NMR spectrum of 5a-c in the 
region of the CH2 groups of the coordinated piperidine is 
more complicated (6 = 0.87 ni. 1.14-0.98 m, 1.38 d, 2.27 
dq, 3.15 d). All respective geminal protons are no longer 
chemically equivalent. 
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Conclusions 

'4s was shown. the cationic fragment [Rh(PNP)]+ is ca- 
pable of coordinating olefins, such as ethylene and styrene, 
by the formation of the cationic olefin rhodium(1) com- 
plexes [Rh(PNP)(olefin)]X (X = BF4, PF6, CF,SO,) which 
have been extensively characterized by 'H-, "C-, and 3'P- 
NMR and X-ray crystal structure analysis. In their struc- 
ture the ethylene complexes [Rh(PNP)(C2H4)]X can be 
considered as model complexes for [Rh( C2H4)(PPh&- 
(Me2CO)]PF, which catalyzed the hydroamination of ethy- 
lene. However, in the case of the PNP complexes no indi- 
cation of a nucleophilic attack of secondary amines to the 
C-C double bond could be found either with ethylene or 
with styrene. Only a reversible substitution of the olefin 
takes place by the amine, and the corresponding amine 
complexes [Rh(PNP)(HNR2)]X (R2XH = piperidine, 
Me,NH, Et2NH) formed could be isolated and have been 
fully characterized. 

We thank Dr. A Porzd, of the Institut fur Pflanzenbiochemie of 
the Universitat Halle for the measurement of the dynamic proton 
resonance experiment and the Deutsclie Forschungsgenzeinschaft 
(Sonderforschungsbereich 347 of the Universitkt Wurzburgj for f i -  
nancial support. 

Experimental Section 
All reactions were carried out under dry argon or ethylene. All 

solvents were dried, degassed and distilled before us:. Acetone, 
CD2Cl,, CDCI,. and [D6]acetone were refluxed over 4-A molecular 
sieves and degassed by bubbling argon through. THF and diethyl 
ether were refluxed over Ndbenzophenone. Piperidine, diethyl- 
amine, and styrene were dried over 4-A molecular sieve and dis- 
tilled before use. Dimethylamine was obtained from H2NMc2CI 
and KOH and condensed. - Infrared spectra were recorded on 
KBr pellets with a Perkin-Elmcr FT-IR 16 spectrometer. - The 
'H-, I3CfiH}-, and 31P{iH}-NMR spectra were recorded at 300, 
75, and 121 MHz respectively, with a Varian Gemini 300 NMR 
spectrometer. For the dynamic proton NMR experiment a Varian 
Unity 500 NMR spectrometer was used with a frequency of 500 
MHz. The 'H- and 13C-NMR shifts were referenced to the reson- 
ance of the residual protons of thc solvents. The 31P-NMR shifts 
were referenced to external 85% H3P04. - The Chrompack gas 
chromatograph CP 9000 was used for the identification of liquid 
organic compounds. - Elemental analyses of C, H, and N were 
carried out on LECO CHN 932 analyzer and Rh by using of a 
photometric method"7. - [{KhCI(C2H4)2)2] was prepared accord- 
ing to the literature procedure[l8;. 

Synthesis of 2,6-Bis(~~hmnylphosphanyl~thyl)pyri~ine PNP: 
The PNP ligand wiis pepared from 2,6-bis(chloromethyljpyridine 
and two equivalents of NaPPhz in dioxanelTHF using the pro- 
cedure of Dahlhoff et al.[61. The 2,6-bis(chloromethyl)pyridine was 
obtained by reaction of 2,6-bis(hydroxymetliyl)pyridine with thion- 
ylchl~ride[ '~~.  NaPPh2 was prepared by using the published pro- 
cedure of Kagan et al.['O1, 

[Rh(PNP)iC,H,j]X (X = BF,: la; PF6: l b ;  CF3S03: l c ) :  To 
a suspension of 389 mg (2 mmol) of [(RhCI(C2H4)2}2] in 40 ml of 
solvent (for l a  acetonc. for l b  and l c  THF) 2 mmol of the silver 
salt AgX was added. The mixture was stirred for I0 min under 
ethylene. After filtration of AgCl, 950 mg (2 mmol) of the PNP 
ligand was added slowly to the solution as solid ( l a )  or as a solu- 
tion in 7 ml of THF ( l b ,  l c ) .  The reaction mixture changed its 
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colour from orange to red and the evolution of gas was observed. 
The reaction mixture was stirred for 3 h under ethylene. The yellow 
solid precipilaled and was filtered off, washcd with acetone or TITF 
and with diethl ether, and dried under vacuum. These by-products 
were analyzed as [Rh2(PNP)3]X2 (X = BF4: 2a; PF6: 2b, CPISO~: 

2a: Yield 130 mg (7"/0). - C93HX1B2FSN3P6Rh2: calcd. Rh 11.41; 
found Rh 11.69. - "P NMR (CDCI,): 6 = 34.6 (d br., 2 P Jp-Rh 

= 168 Hzj, 44.4 (dd. 4 P, JP.Rh = 141, Jp-p = 37 Hz). 
2b: Yield 481 mg (23%). - C93H81F12N3PBRh2: calcd. Rh 10.71; 

found Rh 10.72. - NMR (CD,C12): 6 = 37.4 (dt. 2 P J p . ~ h  = 

2c: Yield 108 mg (6%). - C~~SHX,FhN106P6Rh2S2: cdlcd. Rh 
10.66; found Rh 10.73. - 3'P NMR ([D6]acetone): 6 = 36.2 (dt, 2 

37 Hz). 
To the filtrate diethyl ether, saturated with ethylene, was dropped. 

An orange-coloured solid precipitated was filtered off, washed with 
diethyl ether, and dried in vacuum. For recrystallization the crude 
products was dissolved in a minimum amount of acetone under 
ethylene, and diethyl ether saturated with ethylene was dropped 
slowly to the solution. The products precipitated as orange-col- 
oured crystallinc solids which were filtered off, washed with diethyl 
cthcr and dried under vacuum. 

l a :  Yield 970 mg (70%)). - Temp. of decompn. 180-190°C. - 
C33H3,BF4hP2Kh: calcd. C 56.94, H 4.27, N 2.64, Rh 14.82; found 
C 57.13, H 4.50, N 2.02, Rh 14.85. - 31P NMR ([D6]acetone): 6 
= 38.2 (d; JP.Kh = 129.9 Hz). - 'H NMR ([D6]acetone): 6 = 3.54 
(s, 4H, C2H4), 4.60 (vt. N = 4.4 Hz, 4H, CH,Pj, 7.54 (m, 12H, 
Ph), 7.69 (d, .IH.,, = 7.7 Hz, 2H, 3,5-py), 7.78 (m, 8II. Ph), 7.96 (t, 
JH.H = 7.7 Hz, IH, 4-py). - 13C NMR ([D6]acetone): 6 = 43.9 

2c). 

160, Jp-p = 37 Hz), 41.4 (dd, 4 P. Jp-Rh 144, Jp.p = 37 Hzj. 

P J p R h  = 161, Jp.p = 37 Hz), 40.9 (dd, 4 P, J p - R h  = 145. Jp.p = 

(vt. N = 10.9 Hz, CHZP), 59.5 (s, C2H4), 123.4 (vt. N = 6.2 Hz, 
C3,5-py), 130.3 (vt, N = 5.1 Hz, PC,,,,,), 130.7 (vt, N = 21.3 I ~ z ,  
PC,,,), 132.3 (s, PC,,,), 133.9 (vt, N = 6.8 Hz, PC,,,h,,), 141.9 (s, 
C+,,), 163.0 (vt, N = 3.2 Hz, C2,6-py). 

lb: Yield 670 mg (45%). - Temp, of decompn. 190-200°C. - 
C33H31F6NP3Rh: calcd. C 52.20, H 4.44. N 2.19, Rh 13.51; found 
C 52.74, H 4.16, N 1.86, Rh 13.69. - 31P NMR ([D,]acetone): 6 
= 38.4 (d. Jp.Rh = 129.9 Hz). - ' H  NMR ([D,]acetone): 6 = 3.52 
(s, 4H, C2H4j, 4.60 (vt, N = 4.4 Hz, 4H, CHIP), 7.55 (m, 12H: 
Ph), 7.69 (d, JH-" = 7.7 Hz, 2H, 3,5-py}, 7.78 (m, SH, Ph), 7.96 (t, 
JH.H = 7.7 Hz, IH, 4-py). - I3C NMR ([D6]acetone): 6 = 43.9 
(vt, N = 11.8 Hz, CHZPj, 59.6 (s, C2H4), 123.3 (vt, N = 5.6 Hz, 
C3,5.p,,), 130.2 (vt, N = 5.0 Hz, PCmetC,), 130.7 (vt, N = 20.9 Hz: 
PC,,,), 132.3 (s, PC,,,), 133.8 (vt, N = 6.8 Hz, PCo,r~ao)r 141.8 ( s ,  
C4.py), 163.0 (vt. N = 2.9 Hz, CZ,h-pyj. 

lc: Yield 900 mg (62%). - Temp. of decompn. 130-140°C. - 
C34H31F3N03P2RhSZ: calcd. C 54.74, H 4.37, N 2.11, Rh 13.53; 
found C 54.05, H 4.13, N 1.85, Rh 13.62. - 31P NMR ([Ddace- 
tone): 6 = 38.2 (d, JP.Rh = 130.8 Hz). - 'H NMR ([D,]acetone): 
6 = 3.50 (s, 4H, C2H4), 4.60 (vt, N = 4.4 Hz, 4H, CH2P), 7.55 (m, 
12H, Ph), 7.69 (d, JH.H = 7.7 Hz, 2H, 3,5-py), 7.78 (m, 8H, Ph), 
7.95 (t, JH." = 7.7 Hz, IH, 4-py). - 13C NMR ([D6]acetonej: 6 = 
43.8 (vt, N = 12.3 Hz, CHZP), 58.6 (s, C2H4), 123.3 (vt, N = 5.3 
Hz, C3.5.py), 130.2 (vt, N = 5.0 Hz, PC,,,,), 130.7 (vt. N = 21.1 
Hz, PC,,,), 132.2 (s, PC,,), 133.8 (vt, N = 6.8 Hz, PCortho), 141.8 
(S, C4-py), 163.0 (Vt, N = 2.8 HZ, C2,6.py). 

Preparation of (RhJPNP)  (styrene)/BF4 (4): To a solution of 1.3 
g of [Rh(PNPj(C2114)]BF4 in 8 ml of acetone I ml of fresh distilled 
styrene was added. The mixture was stirred for 5 h. A reddish- 
orange coloured solid precipitated. The reaction mixture was re- 
duced to 4 ml under vacuum and further product was precipitated 
by dropping of diethyl ether. The crude product was filtered off 
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washed three times with diethyl ether and dried under vacuum. For 
recrystallization the solid was dissolved in a minimum amount of 
acetone. The product crystallized by slow dropping of diethyl elher. 
Yield 1.2 g (83%). - Temp. of decompn. 221-225OC. - 

C39HTSBF4NP2Rh: calcd. C 60.89, H 4.58, N 1.82: Rh 13.38; found 
C 59.70, H 4.62, N 1.38, Rh 13.62. - 31P NMR ([DJacetone): 6 
= 41.7 (d, I p . ~ h  = 126.3 Hz). - 'H NMR ([D,]acetone): F = 3.72 
(m, 1H, styrene). 3.87 (d, I = 7.7 Hz, lH,  styrene), 4.47 (dvt, Ar = 

16 Hz, 2H, CI-12P). 4.96 (br, lH,  styrene), 6.77 (in, 2H, styrene), 
7.02 (m, 3H, styrene), 7.85-7.28 (m, 27H, Ph, py). - I3C NMR 
([Ddacetone): 6 = 43.5 (vt, N = 12.1 Hz, CH2P), 51.5 (d, = 
12.2 Hz, styrene), 75.8 (d. IC.Rh = 11.4 Hz, styrene), 122.8 (vt, 
N = 4.6 Hz, C3rS.py)r 126.4 (s; styrene), 128.2 (s, styrene), 129.4 (s. 
styrene), 129.5 (vt, N = 5.2 Hz, PC,,,,), 129.9 (vt, A' = 4.7 Hz, 
PC,,,), 131.8 (s, PC,,,), 132.0 (s, PC,,,), 132.9 (vt, N = 5.8 Hz, 

4.6 Hz, JH-H = 16 Hz, 2H, CHIP), 4.85 (dvt, N = 3.6 Hz, IH.H = 

PCo,.t~2n), 135.0 (vt, N = 7.1 Hz, PC,,,lh,), 141.3 (s, C4.py), 162.0 (vt, 
N < 3 Hz, C2,6-py). 

Reaction of [Rh(PNP) (C,H4)jBF4 ( l a )  with Pberirline: To a 
suspension of 1.53 g (2.2 mmol) of [Rh(C2H4)(PNP)]BF4 la  in 15 
ml of THF 4 ml (40 mmol) of piperidine was added at room tem- 
perature. An evolution of gas was observed, the solution changed 
its colour to red and in a short time an orange-coloured solid pre- 
cipitated. The suspension was stirred for a further 2 h and filtered 
off. The crude product was washed with THF and diethyl ether 
and dried under vacuum. The product was recrystallized afler ex- 
traction with 10 ml of refluxed THE 

[RhiPNP)  (pip)]BF4 (Sa): Yield 1.53 g (93.29'0). - Temp. of de- 
compn. 165-169°C. - C36H38BF4N2P2Rh: calcd. C 57.73, H 5.33, 
N 3.68, Rh 13.22; found C 57.76, H 5.10, N 3.73, Rh 13.71. - 31P 
NMR ([D6]acetone): 6 = 34.8 (d. . I p . ~ l ~  = 152.7 Hz). - 'H NMR 
([D(,]acetone): 6 = 0.87 (m, lH,  piperidine), 1.14-0.98 (m, 4H, 
piperidine), 1.38 (d br., J;I.H = 11.0 Hz, 1H. piperidine), 2.27 (m, 
I1T.H = 11.5 Hz, 2H, piperidine), 3.15 (d br., JH.H = 12.3 Hz, 2H, 
piperidine), 4.23 (vt, N = 4.4 Hz, 4H, CH2P), 7.29 (d. III.II = 7.7 
Hz, 2H, 3.5-py), 7.54 (m, 12H, Ph), 7.61 (t. JH.H = 7.7 Hz, lH,  4- 
py), 7.97 (m, 8H, Ph). - 13C NMR ([D6]acetone): 6 = 24.3 (s, C,, 
piperidine), 28.2 (s, Cg, piperidine), 44.3 (vt, N = 12.0 Hz, CHzP), 
56.7 (s, C,. piperidine), 122.4 (vt, N = 5.7 Hz, C3,5.py), 130.0 (vt, 
N = 4.8 Hz, PC,,,,<x), 131.6 (s, PC,,,); 134.0 (vt, N = 7.0 Hz, 

Sb and Sc were obtained from l b  and l c .  respectively, in the 
same manner. 

Sb: Yield 59%. - Temp. of decompn. 157-160°C. - 

C36H38FbN3P3Rh ca1cd.C 53.48, H 4.74, N 3.46, Rh 12.73; found 
C 53.65, H 4.40, N 3.43 Rh 12.62. - 31P NMR ([D6]acetone): 6 = 
34.9 (d, Jp.K,, = 164.9 Hz). - 'H NMR ([D6]acetone): 6 = 0.87 
(in, IH, piperidine), 1.15-0.98 (m, 4H, piperidine). 1.38 (d br., 
J11.11 = 11.3 Hz, lH,  piperidine), 2.27 (m, JH-I~ = 11.8 Hz. 2H, 
piperidhe), 3.15 (d br., JH.H = 12.6 Hz, 2H, piperidine), 4.23 (vt, 

(m, 12H, Ph), 7.61 (t, JH.H = 7.6 Hz, 1H. 4-py), 7.97 (m, 8H, Ph). 
- 13C NMR ([D&cetone): 6 = 24.3 (s, C,, piperidine), 28.2 (s, Cg, 
piperidine), 44.3 (vt, N = 12.1 Hz. CH2P), 56.7 (s. C,, piperidine), 

PCor,Jz,,), 136.8 (s, C+,J-); 162.9 (vt. N < 3 Hz, C2.6.py). 

N = 4.4 HE, 413, CHZP), 7.29 (d, IH-H = 7.6 Hz, 2H, 3.5-py), 7.54 

122.4 (vt, N = 5.3 Hz, C3,j-py), 130.0 (vt, N = 4.8 Hz, PC,,,,,,), 
131.6 (s, PC,,,Q), 134.0 (vL, N = 7.0 Hz; PCurrho), 136.8 (s, CCpy), 
162.9 (vt. N < 3 Hz, C2.6.py). 

Sc: Yield 60%. - Temp. of decompn. 177-179°C. - 

C37H38F3N203PZRh: calcd. C 54.69, H 4.71. N 3.45. Rh 12.66; 
found C 54.69, H 4.31, N 3.30, Rh 12.63. - "P NMR ([D6Jace- 
tone): 6 = 34.9 (d, JP-Rh = 149.3 Hz). - 'H NMR ([D6]acetone): 
6 = 0.87 (m, IH ,  piperidine), 1.14-0.98 (m; 4H. piperidine), 1.38 
(d br., JH.H = 12.4 Hz, lH,  piperidine), 2.27 (in, JH.H = 11.6 Hz, 

2H, piperidine), 3.15 (d br., I H - ~  = 12.9 Hz, 2H, piperidine), 4.23 

7.54 (m, 12H, Ph), 7.61 (t, JH-H = 7.7 Hz, 1H. 4-py), 7.98 (m, XH, 
Ph). - 13C NMR ([D6]acetone): 6 = 24.2 (s, C,, piperidine), 28.1 
(s, C,, pipeiidine). 44.2 (vt, N = 10.4 Hz. CHIP). 56.7 (s, C,, piperi- 
dine), 122.3 (vt, N = 5.7 Hz, C3,5.p,), 129.9 (vt, N = 4.8 Hz, 

(vt, N 4.2 Hz, 4H, CH2P), 7.29 (d. I11.H 7.7 Hz, 2H, 3,5-py), 

PCRIel,), 131.5 (s. PC) ,,,, J, 133.9 ( ~ 1 ,  N = 7.0 Hz, PC,,,~z,). 136.7 (s, 
C4.py), 162.8 (vt, N = < 3 IIz, C~,6.py). 

Reartion of l a  with HNA4e2: To a suspension of 2.7 g of l a  (3.89 
mmol) in  50 ml of THF 2.5 ml of HNMez was added at -78°C. 
The mixture was warmed up slowly to room temperature and 
stirred for I h. The orange-coloured solid precipitate was filtered 
off washed with THF and diethyl ether and dried under vacuum. 
For recrystallization the crude product was dissolved in acetone 
and diethyl ether was dropped slowly. The product crystallized as 
a reddish-orange coloured solid and was filtered off, washed with 
diethyl ether, and dried under vacuum. 

[Rh(PNP)(HNMe2)]BF4 (6): Yield 2.2 g (80%). - Temp. of 
decompn. 197°C. - C33H34BF4N,P2Rh: calcd. C 55.80, H 4.82, N 
3.94, Rh 14.65; found C 54.70, H 3.51, N 3.91, Rh 14.49. - "P 
NMR ([D6]acetone): F = 34.3 (d, Ip-Kh = 157.0 Hz). - ' H  NMR 
([D6]acetone): 6 = 2.33 (d, J = 5.4 Hz, 6H, CH,), 4.24 (vt, N = 
4.1 Hz, 4H, CH,P), 7.33 (d, IH-H = 7.6 Hz. 2H. 3,5-py), 7.56 (m, 
12H, Ph), 7.63 (t, IH.H = 7.7 Hz, IH, 4-py), 8.00 (m, 8H. Ph). - 
13C NMR /[D6]acetone): 6 = 44.5 (vt, N = 11.4 Hz, CH2P), 46.4 
(s, CH,), 122.3 (vt, '.Ic.,, = 5.4 Hz, CIS.py)r 130.0 (vt, N = 4.5 Hz, 
PC,,,,,), 131.6 (s, PC,,,,), 134.0 (vt. AT = 6.8 Hz, PCoi-,hn), 136.8 (s, 
C4.cy), 163.0 (vt. N < 3 Hz. C?,(,-py). 

Reacrion of l a  with HNEt,: The reaction was carried oul in the 
similar manner to that described for the reaction of I a with piperi- 
dine. [R1i(PNP)(HNEt,)]EF4 (7) was obtained as a reddish-orange 
coloured crystalline solid. Yield: 8204,. - Temp. of decompn. 
176-183°C. - CT5H?xRFJN2P2Rh: calcd. C 56.94, H 5.19, N 3.79, 
Rh 13.94; foulld C 56.78, H 5.16. N 3.65; Rh 14.24. - 31P NMR 
([D6]acetone): F = 38.9 (d, J p R h  = 156.6 Hz). - 'H NMR ([D6]a- 
cetone): 6 = 1.20 (t, J = 7.1 Hz, 6H. CH3), 2.22 (m, 4H, CH,), 
2.45 (m, 411, CH,). 4.30 (vt, N = 4.0 Hz, 4H, CH2P), 7.29 (d, 
JH-H = 7.7 Hz, 2H, 3,5-py), 7.53 (m, 12H, Ph). 7.61 (t, JH.H = 7.7 
Hz, IH, 4-py), 7.94 (m, XH, Ph). - I3C NMR ([D6]acetone): 6 = 

16.3 (s. CHI), 43.9 (vt, N = 11.2 Hz, CH,P), 52.2 (m, CHI), 122.6 
(vt, N = 5.8 Hz, C,,,.,,), 130.0 (vt, N = 4.8 Hz, PCIIIB1,), 131.7 (s, 
PC,,,.,), 134.0 (vt, N = 6.9 Hz, PC,,t,*o). 137.0 (s, CJ.,,~), 162.7 (~1,  
N < 3 H z ~  C,,,.,,). 

Reaction of4 with HNMe,: The reaction was carried out in a 
similar manner to that described for the reaction of la  with 
HNMe2. The solid obtained was identified as 6 by 'H-NMK spec- 
troscopy, In a second experiment the mixture was stored at - 20°C 
for three weeks. The solution contained free styrene, found by gas 
chromatography. and the isolated solid was identified as 6 by 'H- 
NMR spectroscopy. 

Reaction of [Rh(PNP)(HNR,) ]X (5a-c, 6 ,  7) with C&: A 
suspension of the respective aniine complex in THF was stirred for 
3 h at -78°C under ethylene. The orange colourcd solid was fil- 
tered off. washed with diethyl ethei; and dried under vacuum. In 
each case the product was identified as the respesentative pure eth- 
ylene complex la,  Ib, or l c  by 'H-NMR spectroscopy. 

X-ray Strtrcrural Analyses: Selected crystals were covered with 
perfluoroether oil and mounted on a glass fibre. The data collection 
was performcd at 200 K. An empirical absorption correction for 
l a  (cp-scan, 10 reflections) and for 4 (SADABSr"1) was applied. 
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Table 5. Summary of data related to crystallography, data collec- 
tion. and refinement 

l a  

Empirical formula 
Formula mass 
Crystal size [mm] 
Crystal system 
Diffractometer 
Space group 
a L.41 
b 1.41 
1- r 4  
a 1"1 
B PI 
Y ["I 
v [A'] 

i' b - ' 1  

T KI 

Z 
p (calcd.) [Mgini'] 

F (000) 
2 8  (ma.) 

Kefl. collected 
Refl. unique 
R(int) 
No. of variables 
GOOF 
Final R(4o) R1; wR2 
Final R I ;  wR2 
Larg. res. peak [e/A31 

C ~ ~ H ~ I B F ~ N P ~ R ~  
693.25 
0.32 x 0.26 x 0.20 
Triclinic 
STADI4 (Fa. Stoe) 

10.953(1) 
11.563(1) 

72.293(4) 
80.496(6) 

1530.8tZ) 
2 
1.504 
0.71 1 
704 
52 
200 
6152 
6029 
0.1056 
486 
1.018 
0.0543; 0.151 
0.07995; 0.1694 
2.826 

P-1 (2) 

13.387(1) 

71.93 l(5) 

4 

C ~ ~ H ~ ~ B F ~ N P ~ R J I  
769.34 
0.32 x 0.15 x 0.15 
Monoclinic 
CCD (Fa. Siemens) 
P21/c (14) 
11.7452(7) 
12.8761(8) 
22.603(1) 
90 
95.724(1) 
90 
3401 3(4) 
4 
1.502 
0.648 
1502 
52 
200 
24813 
6336 
0.0461 
573 
1.092 
0.0485; 0.1090 
0.0635; 0.1178 
1.531 

SHELXS-86['21 and SHELXS-93[231 programs were used Tor struc- 
tural solution by Patterson method and refined by a full-matrix 
least-squares method. Hydrogen atom positions were obtained 
from difference Fourier map and included in the refinement with 
individual isotopic displacement parameters. Anisotropic displace- 
ment parameters for all non-hydrogen atoms were used. All exper- 
imental data for the X-ray structure analyses are given in Table 5.  

Further details of the crystal structure detcrmination are de- 
posited at Fachinformationszentrum Karlsruhe. D-76344 Leo- 

poldshafen-Eggenstein, and may be obtained by quoting the de- 
pository numbers CSD-406244 (la) and CSD-406245 (4). 
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