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Summary 

Two dimeric rhodium compounds, [Rh(CO),P(c-C,H,),], (1) and [Rh(CO),P(i- 
Pr),], (2) have been isolated from the catalytic reaction mixtures of syngas 
conversion to ethylene glycol, and their molecular structures without a bridging 
carbonyl were determined by single crystal X-ray diffraction studies. 

Introduction 

We have reported a novel and highly effective rhodium-trialkylphosphine catalyst 
system for hydrogenation of carbon monoxide to ethylene glycol [1,2]. The catalytic 
solution, was found to have an intense IR absorption at 1950-1960 cm-’ after 
cooling. During the course of our study to determine the exact nature of the 
catalyst, we isolated orange crystals of rhodium complexes, each having an un- 
bridged dimeric rhodium(O) structure, with an IR band at 1950 cm-’ (Nujol mull). 

Results and discussion 

When a mixture of Rh(CO),(acac) (0.6 mmol) and tricyclopentylphosphine (0.6 
mmol) in 1,3-dimethyl-2-imidazolidinone (DMI) (4.0 mmol) was treated under 47.0 
MPa syngas (H/CO = l/l) at 230°C for 45 min, a dark orange-yellow solution 
resulted. Diamagnetic orange crystals of [Rh(CO),P(c-C,H,),], (1) precipitated 
when the solution was cooled to room temperature and left stand for two days. They 
were separated from the solvent (DMI) by decantation, washed with an n- 
hexane/toluene (1 : 1) mixture, and finally dried in a stream of carbon monoxide. 
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Although the complex is unstable under nitrogen or in ;1 \awum, it i, f,tirly stable 
under carbon monoxide at room temperature *. 

We have determined the structure of 1 b!; a single crystal X-ray diffracti<w study. 
Thi: overall molecular geometry and the atomic labrlling scheme are illustrated in 
Fig. 1. Interatnmic distances and angles are collected in Table> i and 2. The 
structure of the orange complex 1 consists of a hinuclear rhodium wrt‘ blth a center 
of inversion at the midpoint of the RhbRh bond. w.ithout :I bridging carhc~~\~l. in 
which two axial sites arc occupied by two phosphinr ligands. 1%~ :then~~ of the 
bridging carbonyl is consistent \vith the 1R spectra (Nujol muil). as ntr ;ibsJrption 
13and.s are present between 17XUb 1950 cm !. cwept at 19.50 cm ‘. Ttw structure 
P -Rh--Rh’-- P’ is almat hne;rr. The Rh-to-Rh’ distance of 1.877 4. i\ scmcwhat 
longer than that of the dimeric rhodium complexes with .i bridging carbon~l 
structure [4]. Each rhodium atom is penta-coordinate and ha a trig~,li:ll-hip\rs~llid 
arrangement. Interestingly, thcrc arc’ slight distortiona I.>! the rhodium atom> from 
the trigonal planes, as if tlw bulky phosphine ligandb JKI\C’ pushed the three 
carbonyls away, so that the rhodium atom’; UC 1oc~~tc.d 0, I?X :I 1~1t ~JE each tr-igonal 
plane. 
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TABLE 1 

BOND DISTANCES (A) FOR [Rh(CO),P(c-C,H,),], (1) 

Rl-Rh 

P-Rh 

C(l)-Rh 

C(2)-Rh 

C(3)-Rh 

C(ll)-P 

C(21)-P 

C(21)‘-P 

C(31)-P 

C(31)‘-P 

0(1)-C(l) 
O(l)‘-C(1) 

0(2)-C(2) 
O(2)‘-C(2) 

W-C(3) 
O(3)‘-C(3) 

C(12)-C(l1) 

C(15)-C(l1) 

C(13)-C(12) 

C(14)-C(13) 

C(15)-C(14) 

2.827(l) 

2.318(2) 

1.911(13) 

1.907(10) 

1.895(10) 

1.845(9) 

1.847(30) 

1.876(19) 

1.864(26) 

1.845(30) 

1.227(24) 

1.201(22) 

1.175(16) 

1.171(21) 

1.237(23) 

1.176(16) 

1.553(15) 

1.543(13) 

1.515(18) 

1.456(19) 

1.537(17) 

C(22)-C(21) 

C(25)-C(21) 

C(23)-C(22) 

C(24)-C(23) 

C(25)-C(24) 

C(22)‘-C(21)’ 

C(25)‘-C(21)’ 

C(23)‘-C(22)’ 

C(24)‘-C(23)’ 

C(25)‘-C(24)’ 

C(32)-C(31) 

C(35)-C(31) 

C(33)-C(32) 

C(34)-C(33) 

C(35)-C(34) 

C(32)‘-C(31)’ 

C(35)‘-C(31)’ 

C(33)‘-C(32)’ 

C(34)‘-C(33)’ 

C(35)‘-C(34)’ 

1.613(31) 

lSOO(32) 

1.499(28) 

1.430(27) 

1.510(28) 

1.580(33) 

1.542(30) 

1.518(30) 

1.410(31) 

1.518(31) 

1.532(29) 

1.601(29) 

1.552(26) 

1.625(29) 

1.531(24) 

1.466(34) 

1.529(34) 

1.582(32) 

1.517(34) 

1.494(31) 

Fig. 2. A perspective view of [Rh(CO)jP(i-Pr,),], (2) and atom numbering 
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TABLE 3 

BOND DISTANCES (A) FOR [Rh(CO),P(i-Pr),], (2) 

Rh-Rh 2.817(3) O(3)‘-C(3) 1.100(29) 
P-Rh 2.321(5) C(12)-C(ll) 1.557(25) 
C(l)-Rh 1.898(17) C(13)-C(l1) 1.576( 19) 
C(2)-Rh 1.859(24) C(12)‘-C(l1) 1.530(20) 
C(3)pRh 1.919(23) C(22)-C(21) 1.539(21) 
C(ll)-P 1.949(24) C(23)-C(21) 1.551(27) 
C(21)-P 1.959(28) C(22)‘-C(21) 1.524(19) 
C(31)-P 1.X39(41) C(23)‘-C(21) 1.571(32) 
C(31)‘-P 1.838(38) C(32)-C(31) 1.567(25) 

0(1)-C(l) 1.118(21) C(33)-C(31) 1.542(21) 

W-C(2) 1.118(28) C(32)‘-C(31)’ 1.607(40) 

0(3)-C(3) 1.217(33) C(33)‘-C(31)’ 1.546(20) 

of 7.1 and 32.1 mol(g-atom Rh-’ h-‘, respectively. The catalytic performance is 
almost comparable to that of the mixture, Rh(CO),(acac) (0.1 mmol), tricyclopen- 
tylphosphine (0.1 mmol) and DMI (10 ml), which produces ethylene glycol and 
methanol, at 7.5 and 36.0 mol (g-atom Rh-’ h-‘, respectively. The reaction with 2, 
in place of 1, gives rise to a similar result [2,7]. The use of (3) however, produces 
neither ethylene glycol nor methanol. 

Treatment of the dimer 1 with hydrogen, under ambient conditions exclusively 
produces a new species, (v(C0): 1945 cm-‘; ‘H NMR: S -10.1 ppm (s); 31P 

TABLE 4 

BOND ANGLES (“) FOR [Rh(CO),P(i-Pr),], (2) 

C(l)pRh-P 
C(2)-Rl-P 
C(2)-RI-C(l) 
C(3)-RI-P 
C(3)-Rk-C(1) 
C(3)-Rt-C(2) 
C(ll)-P-Rh 
C(21)-P-Rh 
C(21)-P-C(11) 
C(31)-P-Rh 
C(31)-P-C(11) 
C(31)-P-C(21) 
C(31)‘-P-Rh 
C(31)‘-P-C(11) 
C(31)‘-P--C(21) 
C(31)‘-P-C(31) 
O(l)-C(l)-Rh 
O(2)-C(2)-Rh 
O(3)-C(3)-Rh 
O(3)‘-C(3)-Rh 
O(3)‘-C(3)-O(3) 
C(12)-C(ll)-P 

96X(0.6) 
96.5(0.9) 

117.6(1.0) 
96.6(0.9) 

120.6(1.0) 
117.8(1.1) 
119.6(0.9) 
113.2(1.0) 

97.7(1.1) 
112.2(1.7) 

99.3(2.3) 
113.4(2.1) 
114.8(1.6) 
lll.O(l.7) 

96.8(1.9) 
1X.6(2.0) 

177.4(1.8) 
178.5(2.8) 
140.0(3.0) 
163.9(2.7) 

40.7(2.3) 
105.8(3.7) 

C(13)-C(ll)-P 
C(13)-C(ll)-C(12) 
C(lZ)‘-C(ll)-P 
C(12)‘-C(ll)-C(12) 
C(12)‘-C(ll)-C(13) 
C(22)-C(21)-P 
C(23)-C(21)-P 
C(23)-C(21)-C(22) 
C(22)‘-C(21)-P 
C(22)‘-C(21)-C(22) 
C(22)‘-C(21)-C(23) 
C(23)‘-C(21)-P 
C(23)‘-C(21)-C(22) 
C(23)‘-C(21)-C(23) 
C(23)‘-C(21)-C(22)’ 
C(32)-C(31)-P 
C(33)-C(31)-P 
C(33)-C(31)-C(32) 
C(32)‘-C(31)‘-P 
C(33)‘-C(31)‘-P 
C(33)‘-C(31)‘-C(32)’ 

109.3(2.0) 
87.8(4.0) 

112.7(3.1) 
22.6(3.5) 

104.8(3.8) 
126.8(3.2) 
128X(6.9) 

98.5(7.0) 
110.9(2.8) 

27.7(3.2) 
98.6(6.7) 

110.4(6.0) 
120.4(6.7) 

22.6(10.6) 
120.4(6.6) 
118.0(4.1) 

93.4(4.5) 
135.4(5.9) 
114.8(6.7) 

94.4(3.1) 
136.2(6.3) 
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NMR: S 70.9 ppm (d). .I(Rh -P) 135.6 Hz) which is identified a:, the monomeric 
hydride (4). produced in the reaction (1 ): 

[Rh(CO):PR,],+ H, + 2 HRh(C0) ,PR, -i- (3 ~~ .\-) C 0 11) 

(I) (4) 

It was believed that species of the type IHRh(CO),(PR,), or HRh(C‘O),(PR;) only 
have a feeble hydrogenation activity [Xl. However. careful cxaininntion of the 
rhodium-tricyclopentvlphospl~ine catalytic system has revealed that the maximum 
rate of ethylene glycol production is attained when P(c-C.,H,, ),,,‘Rh is ;ihour 1. WC 
are. therefore. rather inclin~:ti to s~~ppose that 4 itaclf i$ clod\ rclar~~~ I(‘ ;I kc\r 
species in the catalytic ‘nvdrogenation of carbon mino*ide to ethvlc‘n~. glvctoi. 

Experimental 

All experiments were performed under dry argon or carbon monowdo. 1.3-Di- 
methyl-2-imidazolidinone (DMI) was purchased from the Tokvo Kasei Kogyo Co,, 
and used as receivjed. Rh(C’O),(acac) and P(i-Pr), were purchased from Strtm 
Chemicals Inc., and P(c-Cp II, )( was prepared from phosphorus trichloridc and 
cyclopentyl bromide by the Grignard method ]9]. 

Infrared spectra were recorded on a Shimadzu infrared spectrophotorll~ter IR-435 
and calibrated against a polvxtyrene standard. NMR spectra were obtained using a 
.lEOL .lNM-GX270 I-T NMR’apectrometer (‘H . 770.05 .MHr) rlntf 3 .IF,OL .lN%f- 

FXlO(i FT NMR spectrometer ( “P, 40.25 MHI). 

Into a 3Scc Hastelloy C‘ autoclave, containing acet~lacetonatobis(carbony-l)rh(,- 
dium (Rh(CO),(acac), 154.8 mg. 0.6 mmol). tricyclopentylphosphine (P(c-<‘,1-I,),, 
0.18 ml. 0.6 mmol), and 4 ml of DMI. was introduced svngas (H,,,‘C’O == 1,)/l ) at 
29.4 MPa. at room temperature. The autoclave was heated to 230°C’ increasing the 
reaction pressure to 47.0 MI%. The reaction pressure was rnaintnin& ;tt 47.1) MPa 
and the reaction continued lor 45 min. .4fter cowling tc> room temperature. the 

autoclave was left to stand for 2 d. The reacti~w miaturc was trausfcrred to i1 flash 
under a carbon monoxide atmosphere and the orange precipitate ivits separated by 
decantation. The crystals were washed with an n-hexane,/tolucrle f I 1 ) mixture and 
dried under a stream of carbon monoxide. Yield: 0.14 g (:i4.YQ~ 1. IR (Nulol mull, 
KWr cells). 195O(vs) cm ‘. Analvsis: Found: C‘. 50.84: Il. 6 33: 1’. 7 7:;; Kh. 211.7. 
C,,H,,O,P,Rh, talc: C’. 50.8: Il. 6.35: P. 7.29: Rh. 34.2’~. 

(Rh(C‘O),P(i-Pty,], 12) 
The complex 2 was prepared by the same procedure as described for I. Yield: 

0.15 g (72.0%). IR (Nujol 1m111. KBr cells): 1950(w) em ’ Analysis: Found: c‘. 
41.90; H. 6.17: P. 9.28; Rh. 27.4. ‘?,,I-I,4,0bP,Rh. c‘alc: C’. 41.48: I-I. 6.05: I’. 8.92: 
Rh 39.6$. . - 

X-tq. c,n,stcrll~~gruph?, 

C’qlsrai datu. 1. C,,HjJO,P,RhO,, M = 850.0. monoclinic, cpacc group P2i,s’~r. TV 
12.391(6). h 15.547(9), (‘10.01X(3) A. ,0 96.18(3)“. Z = 2. I>, 1.475 g cm ‘. (MO-~‘<,) 
9.08 cm ‘. F(OOO) = 1280. 
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2. C2,H,,0,P2Rh2, bM = 694.4, monoclinic, space group P2,/n. a 13.271(3), b 

11.649(4), c 10.235(4) A, p 94.86(3)O, Z = 2, DC 1.463 g cmm3, (MO-K,) = 10.96 
cm- ‘, F(OOO) = 720. 

The lattice constants were determined by a least-squares refinement of the 
angular settings of 12 (28 > 15’) and 10 (28 > lS”) reflections for 1 and 2, 
respectively. 

Data were collected on an Enraf-Nonius CAD-4 diffractometer with MO-K, 
radiation (h = 0.71069 A) monochromatized by a graphite crystal. 3848 (1) and 3145 
(2) reflections were measured in the range of 28 < 50”, of which 2863 (1) and 2434 
(2) (with 1 F, 1 > o( 1 F, I) were considered as observed and used for the structure 

TABLE 5 

ATOMIC COORDINATES FOR [Rh(CO) ,P(c-C, H,) ,] 2 (1) ’ 

Atom x r‘ z B 

Rh 

P 

C(1) 

C(2) 

C(3) 

C(lI) 

C(21) 
C(21)’ 

C(31) 
C(31)’ 

O(1) 

O(1)’ 

O(2) 

O(2)’ 

O(3) 

O(3)’ 

C(l2) 

C(13) 

C(I4) 

C(l5) 

C(22) 

~(23) 

C(24) 

C(25) 
C(22)’ 

C(23)’ 

C(24)’ 

C(25)’ 

C(32) 

C(33) 

C(34) 

C(35) 
C(32)’ 

C(33)’ 

C(34)’ 

C(35)’ 

8972(5) 

2432(2) 

631(11) 

1664(U) 

31(9) 
2437(7) 

3676(24) 

3691(17) 

3004(20) 

2534(40) 

594(19) 

266(19) 

2078(12) 

2192(15) 

- 382(18) 

~ 5X0(12) 

2547(10) 

2130(13) 

1457(12) 

1420(9) 

3634(18) 

4779(20) 

5435(17) 

4765(21) 

3515(20) 

4645(20) 

5317(25) 

4702(18) 

2235(15) 

2516(22) 

3203(19) 

3177(1X) 

3366(22) 

3303(26) 

2670(29) 

2479(23) 

4618(4) 

11X6(1) 

- 166(11) 

-92(X) 

1453(7) 

1599(6) 

572120) 

509(18) 

2156(17) 

2176(22) 

-7X0(20) 

- 343(19) 

~ 283(15) 

-599(1X) 

2046( 13) 

2032(9) 

X87(8) 

134X(11) 

2075(10) 

2121(8) 

- 422(13) 

- 695(17) 

60(14) 

844( 18) 

~ 401(15) 

~ 604(16) 

129(19) 

916(15) 

2931(13) 

3469(16) 

2842(13) 

1960(12) 

2805(19) 

3373(19) 

2907(20) 

2016(16) 

6287(7) 

155X(2) 

2200(13) 

-6X2(14) 

233(15) 

32X6(9) 

1330(44) 

1625(35) 

796(26) 

564(32) 

2964(23) 

3229(23) 

- 1641(22) 

~ 11X4(29) 

~ 46X(35) 

224(24) 

4380(12) 

5554(17) 

5073(15) 

3536(12) 

17X4(30) 

2207(39) 

2418(31) 

199X(34) 

2270(37) 

2934(36) 

2978(45) 

2412(30) 

707(20) 

- 515(25) 

-140X(22) 

- 735(20) 

1050(2X) 

- 267(28) 

- 1429(33) 

- 947(25) 

4.2 h 

3.9 h 

8.2 h 

6.X h 

7.6 h 

4.x h 

6.7 h 

3.4 h 

5.8 h 

6.5 h 

9.4(X) 

7.5(S) 

6.4(5) 

5.2(7) 

6.9(X) 

6.6(5) 

6.5(2) 

9.9(4) 

9.0(4) 

6.4(2) 

5.5(5) 

X.3(8) 

6.1(5) 

7.2(7) 

5.0(6) 

5.X(7) 

6.6(S) 

3.9(5) 

6.8(5) 

9.0(6) 

7.0(5) 

6X(5) 

6.2(7) 

6.7(7) 

7.4(S) 

5.2(6) 

u Atomic coordinates are multiplied by 10’ for Rh atom and lo4 for other atoms. * Bcq 



determination. I.orentz. polarization and empirical absorption cc)rrections \vere 
applied. 

The structure was solved by the conventional Patterson and Fourier rnt,thod and 
refined by a full-matrix least-squares method. The function \‘w( / F, : iFb 1)’ \h’;l 
minimized, where II’ = 0.553l,/‘(cr-( F) -+ 

1 
0.017470~- j for 1. All non-h\drogen :Itcm,s. 

except disordered C atoms. were refined anisotropical!). The finsi rcsldual UIWS 
were R = 0.084 and R, -= 0.095 for 1. The largest parameter shifts in ~11~ final c,vcle 
were less than 0.1 of their estimated standard deviations. :md the !na\lmum peak 
height on the difference map uah 0.74 c.4 ‘. 

The residual values in the final stage of refinement were R = 0.147 and I<.,, 77 0.159 
for 2. 

Atomic coordinates are collected in Table 5 for 1 and Table h for 2. 
For both complexes cxten.\ivc atomic disorders were ~~birrveri with respect to 

carbonyl oxygens and cyclopentyl or isopropyl grnuph. 
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