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A reaction between 2,2’-bis(phenylethynyl)biphenyl and $-cyclopentadi- 
enylcarbonylrhodium has been found to produce several organometalk prod- 

ucts, including (rl”cyclopentadienyl)(174-1,2-diphenylcyclobuta[Z]phen~- 
threne)rhodium has been determined by single-crystal X-ray diffraction using 
data acquired by a computer-controlled diffractometer. The substance crystal- 
lizes in the triclinic system, space group Pi, with cell constant of a 10.023(l), 
b 11.146(3), c 22.314(4) .&, Q 101.26(2), 697.53(l) and 7 96_55(1)O _ The ob- 

served and calculated densities (for two molecules in the asymmetric unit) are 
1.45(l) and 1.446 g/ cm3, respectively. The structure was solved by Patterson, 
Fourier and leas&squares refinement techniques. Final discrepancy indices are 
R(F) = 3.6% and R,(E) = 4.2%. The ($-C5HS)Rh fragments have normal dis- 
tances and angles, the Cp rings being planar as expected. The cyclobutadiene 
rings are also planar (largest deviations from planarity being 0.003 .&) and 
parallel to the Cp rings. The most important change, as a result of the con- 
straints of the fused cyclobuta[l]phenanthrene system, is the trapezoidal shape 
of the (77”C,) ring. The effects of fusion and of strain, caused by the crowding 
of two hydrogen atoms at the open side of phenanthrene, on the cyclobuta[Z]- 
phenanthrene system are discussed. 
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The acetylenic groups in I and II would be expected to be essentially 
coplanar.. If metal-promoted intramolecular cyclodimerization to form 
$-c$clobutadiencmetal complexes were to occur, it would involve a sterically 
demanding process in which both members of the diacetylene pair would be 
forced to stay planar during the reaction, constrained by the rigid aromatic 
rings to which they are attached. However, this is not the case for molecules III 
or V. In this regard, Straub [ll] has recently reported that the thermal cyclo- 
dimerization of diacetylene (VII) produces the benzocyclobutadiene derivative 
(VIII). In diacetylene (VII), the acetylenic linkages occupy a tram-geometry 

Me 
Me - 

-CzzC-Ph >8o”c 
Ph 

c=C-Ph 
Ph 

Me 

(YU) mlIu 

and thus share characteristics similar to those of III and V. 
In order to unequivocally establish the structures of the products derived 

from diacetylene III and metal carbonyls, and to better understand the factors 
leading to their formation, a single crystal X-ray diffraction investigation of the 
rhodium analog IVb has been undertaken. 

All synthetic operations were conducted under a nitrogen atmosphere using 
Schlenk tube techniques. Hexane, benzene and xylene were purified by distilla- 
tion from calcium chloride under nitrogen. Ethyl ether was pre-dried over 
sodium wire and then distilled from sodium benzophenone. 2,2’-Bis(phenyl- 
ethynyl)biphenyl 1121 and $-cyclopentadienyldicarbonylrhodium 1131 were 
prepared by known procedures. Alumina for chromatography was deactivated 
and degassed before use. Microanalyses were performed by Microanalytical La- 
boratory, University of Massachusetts, Amherst, MA. IR, NMR and mass spec- 
tra were performed on P.E. IR-10, Varian A-60 and P.E. RMU-6L instruments, 
respectively_ 

Reaction of $-cyclopentadienyIdicarbonylrhodium_ and 2,2’-bk(phenyl- 
ethynyllbiphenyl 

2,2’-Bis(phenylethynyl)biphenyl(l.6 g, 4.5 mmol) and q’cyclopentadienyl- 
dicarbonylrhodium (1.0 g, 4.5 mmol) were mixed with 25 ml of xylene in a 
reaction vessel that was covered with aluminum foil. The mixture was heated to 
reflux for 24 h, cooIed to room temperature and chromatographed on an 
alumina column (2.5 X 35 cm) which’had been packed in hexane. Elution with 
hexane removed a yellow band which was recbromatographed on a dry-packed 
alumina column (2 X 30 cm). The product was recrystallized from benzene/ 
hexane to yield 0.50 g (21%) of yellow crystals identified as ($-cyclopentadi- 
enyl)(ll4-l,2~iphenylcyclobuta111phenanthrene)rhodil~. (Found: C, 75.55; H, 
4.45; Rh, 19.40. C&l&Rh calcd.: C, 75.86; II, 4.45; Rh, 19.70%). The molec- 
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ular weight was 522 as determined by mass spectrometry (calcd. 522). The fol- 
lowing major bands were observed in the IR spectrum (KRr): 16OOm, 15OOm, 
145Om, 95Om, 77Os, 75Os, 700s cm-‘. The NiMR spectrum (CDCq) consisted 
of a doublet (5H, J 1.0 Hz, q5-CsHs) at r 4.85 ppm and a muhiplet (lSH, 
aromatic) from r l-7-2.6 ppm. 

Continued elution of the origina.I column with l/l benzene/hexane and 
evaporation to dryness yielded 1.0 g of a red solid. The IR spectrum (XBr) con- 
tained the fohowing major bands: 1840m, 16OOm, 1485m, 1450m, 1175m, 
1105m, 1070m, lOOOs, 815vs, 775s, 76Ovs, 73Ovs, 71Ovs, 680~s cm-‘. The 
NMR spectrum consisted of a singlet at T 5.48 ppm (5H, $-C&Is), a singlet at 
‘i- 4.83 ppm (5H, q5-C5Hs) and a muhiplet (18H, aromatic) from r 2.3-3.3 
ppm. Attempts to obtain reliable, reproducible elemental analyticcal and mass 
spectral data for this product have thus far been unsatisfactory. 

Further elution of the column with l/3 ether/benzene produced a dark blue 
band. This was collected and the product recrystallized from benzene/hexane 
to yield 60 mg of a deep blue solid (Found: C, 71-64; H, 3.64; Rh, 16.2%). The 
IR spectrum (XRr) contained major bands at 17OOs, 1260m, llOO-lOOOvs, 
79Ovs, 755-720~ and 690m cm-‘. The NMR spectrum (CDCl,) contained 
several broad peaks in the cyclopentadienyl region from T 4,6-4.9 and from 
5.6-5.9 ppm, as well as strong absorption in the aromatic region from T 2.3- 
3.5 ppm. 

Final elution of the column with ether brought down a black band. The 
product was identified as [(q5-C5H,)Rh(p-CO)]a by comparison of its NMR, IR 
and mass spectra with a known sample [ 141. 

Crystallographic studies 
A crystal of irregular shape was ground to a sphere, mounted on a goniom- 

eter head and placed on an ENRAF-NONIUS CAD-4 computer controlled dif- 
fractometer. A summary of the crystahographical important parameters for 
data collection and data processing is given in Table 1. The procedures em- 
ployed to obtain the cell and X-ray data were similar to those described in 
detail previously [ 15]_ 

Solution and refinement 
Data decoding was accomplished using a locally written program (Houston). 

Lorentz and polarization factors were applied to convert the intensities to 
structure factor amplitudes, IF,, 1. No absorption correction was necessary due 
to the spherical shape of the crystal and to the low value of the absorption 
coefficient (p = 7.2 cm-‘). Standard deviations of the intensities, o(l), were 
estimated as a*(0 = ITot + 2Z1so. Standard deviations in the structure ampli- 
tudes, a(F& were estimated as o(PO) = o(l)/2LplF,,l. AU data processing and 
calculations were carried out using the X-Ray ‘72 System of programs [lS]. 

A three dimensional Patterson map was computed and the initial positions of 
the two Rh atoms were determined. All of the remaining nonhydrogen atoms 
were found using successive difference Fourier maps. Hydrogen atoms were 
added at theoreticahy calculated positions (C-H = 0.95 & after conversion to 
anisotropic thermal parameters. Final anisotropic refinement of the nonhydro- 
gen atoms and isotropic refinement of the hydrogens yielded the following val- 
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TABLE 1 

CRYSTALLOGRAPHICALLY IMPORTANT DATA COLLECTION AND DATA PROCESSING 
INFORMATION 

FxIloirIcaI formula 
Molecular weight 
CeII coost2nt.s 

iJnit celI volume 
space group 

Number of molecules in asymmetric unit 
Density 

Absorption coefficient <MO-K& 
Radiation used for data collection 
Crystal shape 
Scanning range for 28 
Standards for intensity control 
(every 30 reflections) 
Scan wifth for each reflection 
Maximum scan time 
Minimum number of counts 
above background for each reflection 
scan technique 
Total number of re5ections collected o 
Number of contributingbreflections 
in the last least-squares 
Number of variables 
Weighting scheme 
Final R(F) ’ 
Final &,U<F) cd 

C33H23kh 
522.45 g m01-~ 
a 10.023(1) A 
b 11.146(3) A 
c 22.314(4) A 
Q 101.26(2)O 
p 97_53(1)O 
7 96.55(1j” 
V 2398.7 A3 

PT 
2 
p(calc.) 1.446 g cmw3 
p(meas.) 1.45 g crne3 
7.2 cm‘-* 
Mo-K, (h 0.71069 A) 
Sphere. 0.55 mm diameter 
4.00° < 28 < 52.0° 

L3. 37 9-: 1. 2. 11 and 3. 2. =l 
A8 (0.90 + 3.35 tan 3)” 
10 minutes 

3000 
8-26 
8818 

3081 
797 

UJ = 1 la2(Fo) 
0.036 
0.042 

a A total of 8818 re5ections were collected of which 6949 having I > 30(I) were classified as “observed” 
with the remainin g 1869 being termed “less-thans”! b 6949 “observed” and 1132 “less-thans”. for 
which IF,\> IFol.= R(F) = ~<IIF,l- IF,II)/ZIFol.d F,(F) = C=‘llFol- IF,l12/Sw lF01~1”~. 

ues for the agreement factors: R(F) = 0.036 and R,(F) = 6.040. The function 
minimized during all the least-squares refinements was C w( II?,1 - IF, I)*, where 
W, the weighting factors, were [o(F~)]-~. The atomic scattering curves of 
Cromer and Mann [17] were used for the nonhydrogen atoms; the curve of 
Stewart et al. [US] was used for the hydrogen atoms. Corrections for the real 
part of the anomalous scattering for Rh were also applied [ 191. The estimated 
standard deviations were computed from the inuerse matrix of the final least- 
squares cycle. 

Final positional and thermal parameters are presented in Tables 2-4. Bond 
lengths and angles are given in Tables 5 and 6. The equations of the least- 
squares planes through selected groups of atoms are given in Table 7. The 
stereo drawings were obtained by using Johnson’s ORTEPB [ZO] . A table of 
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TABLE2 

F1NALP0SlT10NALPARAMETERS0FTHEN0N-HYDR0GENAT0MS=" 

Atom .r Y H Atom x Y E 

Ftb 

C<l> 

C(2) 

C(4) 

C(4) 

Cf5) 

C<6) 

C(7) 

C(8) 

C(S) 

C(lO> 

C(llj 

C(l2> 

C(l3j 

C<i4) 

C(15j 

C<16> 

O-34246(4) 
O-29287(4) 

0.4389<7) 
O-2281(9) 
O-4867(8> 
O-2571(8) 
O-5583(7) 
0.1692(9) 
0.5544(7) 
0.0815(7) 
0.4815<7) 
0.1197<9) 
0_2142<5) 
O-345515) 
.0.2250(5) 
O-3812(5) 
O-1465(5> 
0.4900(5j 
0.1353(5) 
O-4541(5) 
0.0522<5) 
0.5287<5> 

-0.0194(5) 

O-6404(6) 
-0.0126<5> 
O-6820(6) 

0.0709(5) 
O-6106(5> 
0.0690<6) 
O-6596(6) 

-0.0115(6) 
0.7757(7) 

4.0905(7> 

O-8438(7) 

O-24624(4). O-14379(2) 
0.25243(4)-0.38557(2> 

0_3543(7j 0_2371<3j 
O-3739(8) -0.3060<3) 
0.4146<7) 0.1926<4> 
0_4450<6> -O-3475(4) 

O-3345(9) O-1572(3) 
0.3993(7) -0.4032(4> 

0.2248(8j 0.1789(4> 
0.2955(7) -0.3963(4) 
0.2381(7) O-2297(4) 
O-2804(8> -0.3342(4) 
0.1007<5) 0_0790<2) 
0.0741(4> -0_4lG4<2> 
0.2149(5) 0.0541<2> 
0.1496(4) -O-4557(2) 
O-2698(5> 0.1020(2> 
O-2256(4> -0.4076<2) 
O-1581(5) 0.1256(2) 
O-1523(4) -O-3638(2) 
0.1358(5> 0.1718(Z) 
0.1705<5> -0.3020(2> 
O-2333(6) O-1937(2) 

O-2676(5) -O-2866(2) 
O-3486(5) O-1689(2) 
0.3400(5) -0.3322(2) 

0.3692(5) 0.1236<2) 
O-3178(5) a-3928(3) 
0.4760<5) 0.0988<3) 
0.3801(6) -O-4364(3> 

O-5645(6) 0.1190(3) 
0.4661<7> -0.4207<3) 
O-5467(7> O-1645(3) 

O-4929(6) -O-3588(42 

C(l7j 

C<18> 

C(l9) 

C(20) 

C(21j 

C(22) 

~~23) 

~(24) 

C(25> 

'X28) 

C<27) 

C(28j 

C(29j 

C(3Oj 

C<31> 

~(32) 

C(33> 

-0.0901(6) 
O-7980(6> 

-0_0996(6) 
0.7131<7) 

-0.1097(7> 
O-6795(8) 

-0.0419(7) 
O-5728(8) 

0.0401(6> 
0.4963(6) 
O-2335(5) 
0.2610<5> 
0.3568<5) 
0.1208(6) 
O-3667(7> 
O-0449(7) 
0.2541<7> 
0.1108(8) 
0.1316(7) 
O-2494(8) 
0.1205(6> 
O-3257(6> 
O-2690(5) 

0.3420(5) 
O-3249(6) 
O-3572(6) 

0.3679(7) 
O-3139(7) 
O-3568(7) 
O-2663(7> 

O-2993(7) 

O-2555(7> 
O-2553(6) 

O-2940(6) 

0.4422(7) 
0_4304<6j 

O-2158(7) 
O-2904(7) 
0.1069<8> 

O-2188(8) 
0.0113(7) 
0.1206(7> 

0.0252<6) 
0.0968(S) 

-0.0273<5) 
-0.0456(5> 
-0_0592(5j 
-0.0644(5> 
4.1799(6> 
4.1806(7) 
4.2708(6> 
-O-2759(6) 
4.2408(5) 
4.2575(6> 
4.1201(5) 
4.1424(5> 
O-2455(5) 

0.1356(5) 
0.3646(S) 
O-2390(6) 
O-3902(6) 

0.2250(7) 
0.2967<7> 
0.1081(7) 

O-1758(7) 

0.0056<7) 
0.1512(6> 
O-0182(6) 

0.1890(3) 
4_3166(3j 

O-2397(3) 
4.2260(3) 
0.2610(3> 

--o-1842(3) 
O-2370(3) 

4.2015<3> 
0.1917(3> 

4.2604(3) 
O.O543(2j 

4.4149<2> 
O-0388(3> 

4.4328(3) 
0.0104<3> 

4.4366(3) 
4.0016(3> 
--o-4223(4) 
0.0149<3) 

4.4041(4> 
O-0418(3> 

4.3994(3> 
-0.0014(2) 

-0.5226(2) 
4.0034<3) 
4.5496<3> 
-0.0569<3) 

4.6141(3) 
-0.1092<3> 
-O-6505(3) 

-0.1080(3) 

4.6237(3) 
4.0544(2> 
4.5600(3) 

= Firstentry isforMolecuk 1.secondentz-y forMolecule 2inthisandsucceedingtables. b Numbersin 
parenthesesarethe estimatadstandarddeviationsintheleastsignificantdigitsinthisandsucceedingtables. 

observed and calculated structure factors is available as supplementary mate- 
rial *. 

Results and discussion 

The reaction between diacetylene III and ~5c~clopentadienyldicarbonyl- 
rhodium in refluxing xylene produced four organometallic products_ One of 
these was the q4cyclobutadienerhodium complex (IVb), which was fully char- 

* Atable ofwctuze factorrhasbeendepositedasNAPS DocumentN0.03511<28~ages).Order 

fromNAPS.cio~cro~chePublications.P.O.Box35l3.GrandCentralStation.NewYork. 
N.Y.10017.Aco~yma~besecuredcitingthedocumentnumber.andremittingS 7_00forpho- 
tocopiesofs 3.00 formicrofiche. Advancepaymentisrequired. K&keckeckspayableto Micro- 

fiche Publications. Outside the U.S. and Canada add postage of S 3.00 for photocopy and S 1.00 
formicrofiche. 
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TABLE3 

FINAL POSITIONAL AND THERMAL (X 103) PARAMETERS OF THE HYDROGEN ATOMS 

Atom r Y L %%l 

H(l) 

H(2) 

H(3) 

H(4) 

H(5) 

H(l4j 

Wl5j 

H<16) 

H(l7j 

H(l8j 

HClSj 

H(20) 

JN2lj 

H(23j 

H<24) 

H(25) 

H(26) 

W2-0 

E(2S) 

H(3Oj 

H(31) 

~(32) 

H(33j 

0.385(g) 
0.295<13) 
0.470(10) 
O-347(11) 
0.602(g) 
O.lSS(lOj 

0.592(S) 

0.005(10) 
O-459(7) 
0.070(9) 
0.131<6) 
O-609(5) 

-0.013(7) 
0.804(8) 

a-150(7) 

0.934(S) 
-0.151<6) 
0.855(6) 

-0.157<7) 
0.793(S) 

-0_170<7) 
0.742(S) 

+X045(6) 
0.554(7) 

0.099<6) 
0.408(6) 
0.439<6) 

O-067(7) 
O-466(7) 

-0.066(10) 

0.266(6) 
0.060(7) 
O-043(7) 
0.308(11) 
0.026<6) 

0.433(7) 
O-331(6) 
0.380<6) 
0.410<7) 

0.320(7) 

0.392(S) 
0.240(S) 
0.290<7) 
0.211<7) 
0.210(S) 
0.296(7) 

0.405(S) 
O-392(12) 
O-510(9) 
0.529(10) 
0.354(S) 
O-429(9) 
0.160(7) 

0.238(g) 
O-166(7) 
0.211(S) 
O-487(6) 

O-357(5) 
O-645(7) 
O-513(7) 
0.613<6) 
0.560(S) 
O-428(6) 
O-447(5) 
O-292(7) 
0.369<7) 
O-094(6) 
O-230(7) 

-0.063(6) 
0.058(6) 

--0.047<5) 
O-023(5) 
0.007(6) 

0.009(S) 
-0_198<6j 
-0.192(9) 
+X361(5) 

-0.371(17) 
+X310(6) 
-0.326(10) 
-0.094<6) 
-0_124<6) 
O-438(5) 
0.332<5) 
O-487(6) 
O-306(6) 

0.316(7) 
0.108(9) 
0.100(S) 

4.086<7) 
0.060(6) 

-0.062(6) 

O-282(4) 
--o-261(6) 
0.191<5) 

-0.335(5) 
0.120(4) 

+X452(5) 
0.165<3) 

+X426(5) 
0.252(3) 

-o-314(4) 
0.061(3) 

-O-482(2) 
0.098(3) 

-0.455(4) 
0.180(3) 

-o-339(4) 
0.225(3) 

-0.273(4) 
O-257(3) 

-0.209(4) 
O-298(4) 

-0.144(3) 
0.259<3) 

--0.171<3) 
0.176<3) 

-0.277<3) 
O-045(3) 

-+x449(3) 
-0.003<3) 
-O-466(4) 
-0.016<3) 

-0.431(3) 
O-002(3) 

-0.380(5) 
0.051(3) 

-O-384(3) 
0.035<3) 

-0.518(3) 
--0.058<3) 
-0.639<3) 

+X132(3) 
-0.690<4) 
-0.151<3) 
--0.659<3) 
-0.047(3) 

-0.534(3) 

145(34) 
241<58) 
177<42) 
182<48) 

144<35) 
172<41) 
103<26) 

165(40) 
98(25) 

132(32) 
71(19) 
51<16) 

104(26) 
115(28) 
85<22) 

126(31) 
74(20) 
64<18) 
96(42) 

116(29) 
82(21) 

112<28) 
73<20) 

84<22) 

69 9) 
Y 6% 9) 

77(20) 
95(24) 
95<24) 

160(38) 
65<18) 

103(26) 
86(22) 

187(44) 
SO(21) 
92(24) 
59<17) 
6809) 
87<22) 
94(24) 

llO(27) 
121<30) 
93<24) 

X02(25) 
71(20) 
SO(21) 

acterized by elemental analysis, spectral properties and by single crystal X-ray 
diffraction analysis, as is described helow. A second major reaction product 
was a red solid; which is not yet fully identified, but which is believed to be a 
binuclear rhodiacyclic derivative [ 53. Two minor products proved to be the 
known [ 141 rhodium cluster complex [ (q’-CsHS)Rh(p-CO)], as well as a yet 
unidentified deep blue complex. 

(Contimed on p_ 246) 
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TABLE 4 

TEIERMALPARAMETERS(X103)aOFTHENON-HYDROGENATOMS 

Atom Ull u22 u33 Ul2 u13 u23 

Rh 

al) 

C(2) 

C(3) 

C(4) 

CC% 

C(6) 

C(7) 

C(8) 

C(9) 

CxlO) 

Cal) 

C(12) 

CCl3) 

C(l4) 

C(l5I 

C(16) 

ca-0 

CU8) 

C(19) 

C(20) 

C(21) 

C<22) 

~3) 

C(Z4) 

Ci25) 

C(26) 

~(27) 

‘X28) 

34.6<2) 
43.9<2) 

61(4) 
105(6) 

78(5) 
94C6) 
43(4) 

103(6) 

39w 
50(4) 
63W 
88<6) 
33(3) 
38(3) 
30<3) 

41(3) 

27(3) 

4U3) 
32<3) 
39(3) 

35<3) 
46(3) 

34<3) 
48(4) 

30(3) 
45<3) 
31(3) 
'40(3) 

46(3) 
56<4) 
54(4) 
58(4) 
57(4) 
5‘w4) 
43<4) 
47(4) 

46<4) 
66(4) 

56<5) 
77(5) 

66(5) 
62(5) 
52<4) 

60(4) 
38<3) 
41(3) 
38(3) 
46&b 

58<4) 

54(4) 
81(5) 
75:51 

60<4) 
80<5) 

41(3) 
55(4) 

34(3) 
37(3) 

43.5(2) 
35-l(2) 

94(5) 
95(6) 
57<4) 
52(4) 

129(8) 

72<5) 
90(6) 

74(5) 
89(5) 
93(6) 
45(3) 
33<2) 
43(3) 

36(2) 
51(3) 
35<2) 
50(3) 
37(3) 
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