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(n%-C5H;),Nb(CO) (u-H)Fez(CO)y; (4b): 30% yield (not ana-
lyzed).

Reaction of (n°-C;H,CMe;);M(CO)H (M = Ta, Nb) with
Fe3(CO)yo. The reaction was conducted as described above. After
the mixture was stirred for 4 h, the infrared spectrum of the
toluene mixture showed complete conversion of 2’a (or 2’'b). The
solvent was then removed, and the crude material was chroma-
tographed on silica gel at low temperature (30 °C) with toluene
as eluant. Complex 4’a (or 4’b) eluted first and was obtained as
a red solid in ca. 30% yield by removal of the solvent. Recrys-
tallization from toluene-heptane provided pure samples.

(n%-C;H,CMe;),Ta(CO) (u-H)Feg(CO)y; (4a): dark red crystals;
mp 105-107 °C; mass fragments, successive loss of CO from m/e
704 (M - 8CO, 2), 536 (M - 2Fe - 10CO, 20), 423 (Cp’;T4, 85),
422 (Cp/;Ta-H, 100). Anal. Caled for C5Hp045Fe Ta: C, 38.82;
H, 2.93; Fe, 18.05. Found: C, 39.41; H, 3.05; Fe, 17.78.

(75-C;H,CMe;);Nb(CO)(u-H)Fes(CO),; (4’b): dark red
crystals; mp 120 °C; mass fragments, successive loss of CO from
m/e 812 (M - CO, 3) and from 797 (812 - CHg, 3), 363 (Cp’,NbCO,
30), 335 (Cp’yNDb, 63), 334 (Cp’;Nb - H, 78). Anal. Calcd for
CyHy0,FesNb: C, 42.89; H, 3.24; Fe, 19.95. Found: C, 43.50;
H, 3.51; Fe, 19.4.

Reaction of (#5-C;H,CMe;);MH; (M = Ta, Nb) with an
Excess of Fe,(CO),. Fey(CO)g (3 mmol) was added to a stirred
solution of (n°-CsH,CMe3),MH; (1 mmol) in toluene (50 mL).
After 10 h, the reaction mixture was evaporated to leave a dark
brown solid. Chromatography on silica gel (at ~30 °C) with toluene
as eluant followed. The first material to elute was [(n’-

CsH,CMe;)Fe(CO),), identified by comparison of its spectroscopic
data with an authentic sample synthesized from C;H;CMe; and
Fe(CO);. Recrystallization from toluene and heptane provided
a pure sample. [(n°-CsH,CMe;)Fe(CO),])y: air-stable dark violet
crystals; mp 162 °C; NMR (CgDg) 6 4.51 (t, 2 H), 3.87 (¢, 2 H),
1.24 (s, 9 H); IR (toluene) 1990, 1944, 1777 cm™!; mass fragments,
m/e 466 (M, 35), 438 (M - CO, 18), 410 (M - 2CO, 23), 382 M
- 3CO, 38), 354 (M - 4CO, 8), 338 (M - 4CO - CH,, 91), 205
(Cp’Fe(C0), 86), 177 (Cp’Fe, 100). Anal. Calcd for Co;HogFeO,
C, 56.58; H, 5.62; Fe, 23.96. Found: C, 56.75; H, 5.66; Fe, 24.59,
This first fraction was followed by the previously described
complex 4’a (or 4'b).
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The solid-state structure of the ethane-type molecule Cp(CO),MnP(C¢Hj;), reveals a deviation from the
staggered conformation, which can be described by an average torsion angle of 37.7° about the Mn-P bond.
This deviation is caused by the propeller structure of the triphenylphosphine ligand. It brings the gauche
phenyl, face exposed to Cp, closer to the Cp ring and the gauche phenyl, edge exposed to Cp, further away
from the Cp ring. Additional adjustments of the phenyl rings by rotation of the P-C,,,, bonds further
diminish the nonbonding interactions of the Cp ring with the neighboring phenyl ortho C-H bonds. Analyses
of the structures of another 11 compounds of the type (arene)L,MP(C4H;); and 17 compounds of the type
(arene)LL’MP(C¢Hj;)5, found by a search in the Cambridge Structural Database, demonstrate that their
solid-state conformations are primarily determined by similar intramolecular effects and only insignificantly

influenced by crystal packing forces.

Introduction
In the Rh-catalyzed enantioselective hydrogenation of
olefins, using chelating bis(phosphines) of the type diop,
prophos, chiraphos, BPPFA, BPPM, and norphos, the two
phenyl rings at the P atoms are differentiated with respect
to axial/equatorial arrangement and face/edge exposure.'

(1) B. D. Vineyard, W. S. Knowles, M. J. Sabacky, G. L. Bachmann,
and D. J. Weinkauff, J. Am. Chem. Soc., 99, 5946 (1977).
(2) W. S. Knowles, B. D. Vineyard, M. J. Sabacky, and B. R. Stults,
Fundam. Res. Homogeneous Catal., 3, 537 (1979).
( 9(’73))D. A. Slack, L. Greveling, and M. C. Baird, Inorg. Chem., 18, 3125
1979).

This differentiation, caused by the puckering of the chelate
ring, is thought to be the primary mechanism for chirality
transfer from the asymmetric centers in the chelate
backbone to the Rh coordination sites, active in the en-
antioselective catalysis.*® In this paper an alternate phenyl

(4) H. B. Kagan in G. Wilkinson, F. G. A, Stone, and E, W. Abel,
“Comprehensive Organometallic Chemistry”, Vol. 8, Pergamon Press,
Oxford, 1982, p. 463. ,

(5) H. Brunner, A. F. M. M. Rahman, and 1. Bernal, Inorg. Chim.
Acta, 83, L93 (1984).

(6) H. Brunner, Angew. Chem., 95, 921 (1983); Angew. Chem., Int. Ed.
Engl., 22, 897 (1983).
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Table I. Torsional Angles al, o2, a3, and a3’, Rotation o, Individual Propeller Angles 71, 72, and 3, and Average Propeller
Angle 7 (deg), As Defined in Figure 2, for Compounds 1-11

no. compound al a2 ad ad’ a 2t 72 73 T space group ref
1 CsH;(CO);MnP(CgH;), 39.0 1574 2766 -834 37.7 50.0 600 23.1 444 P 8
2 CzH;(CO),FeP(CsH;),* 462 1663 2835 -76.5 454 554 6.6 175 478 P1 15
3  Cs;Hy(CH,),CoP(C¢H;)s 50.4 171.0 290.3 -69.7 506 515 839 -1.0 448 P2,/n 16
4 CsH;s[C(CeFg)1,CoP(CeHy)y 29.8 1514 2754 846 278 625 342 39.4 454 P 17
5  CgHj(norbornadiene)RuP(CgH;);* 3877 1576 2791 -809 381 535 858 45 479  P2/n 18
6 [C5(CHy)5](CH,) RhP(CeH;)4 45,0 1658 2857 -743 455 549 831 55 478 P2,/n 19
7 [C5(CHg)s}(CH,) IrP(CeHg)s 453 1647 2857 -743 452 550 832 48 476 P2,/n 16, 19
8 [Cs(CH3)5)(NOg),RhP(CeH;), 321 1544 2735 -865 333 693 514 7.8 428 P2,/n 20
9 [Cs(CH3),C,H]Cl,CoP(CeHp), 486 166.2 2869 -73.1 472 70.7 332 -12.7 304 P2,/n 21
10 [Ce(CyHg)g](CO),CrP(CgHy)s 485 1660 2826 -774 457 640 518 -7.8 386.0 Pi 22, 23
11 C¢H;COOCH;3(CO),CrP(CsH;); 23.7 1449 2624 -976 237 634 526 15.2 437 P112,/n 24

Table II. Torsional Angles «l, o2, a3, and a3, Rotation o, Individual Propeller Angles 71, 72, and 73, Average Propeller Angle
7 (deg), As Defined in Figure 2, for Compounds 12-28

space

no. compound al a2 ad ad’ a 71 72 73 T group ref

12 CzH(CO)(CeHy)FeP(CeHy)s 58.2 1785 3017 -58.3 59.5 32.6 584 563 49.1 P2,/n 25

13 CsH,(CO}CH;CO,menthyl)FeP(CeHs); 40.8 1620 279.5 -80.5 40.8 522 440 149 370 Pl 2
a 43.2 160.5 283.2 -76.7 42.3 55.1 469 12.1 380 P2

14 Cz;Hg(CO)(SOs-i-Bu)FeP(CgH,), 384 1629 2789 -81.1 40.1 49.8 -23.2 652 306 P2,2,2, 27

15 CygHy[#*-CF,;C(CF3)CC(CFy),]FeP(CeHs); 28.9 149.7 2732 -86.8 30.6 765 374 9.0 410 P2/c 28

16 CsH,(CO)[C(PPhy)CH,]FeP(CeHy)s* 43.6 1664 2844 -756 448 219 559 608 462 PI 29

17  CgH,[CPhC(CO,Me)CH(CO,Me)CH(CO,Me)]CoP(C¢H;);, 36.5 157.6 279.6 -80.4 37.9 621 46.8 336 475 PI 30

18 CgH,[P(OMe);][NCC(CN)C(CN)C(CN),]RuP(C¢Hy), 33.1 1554 2753 -84.7 346 627 671 115 471 C2/c 31

19 CsHy(CO)(CSCeHy) WP(CsHy), 334 153.3 2754 -84.6 340 725 358 134 406 P2/c 32

20 CzH,(NO)(CHO)ReP(C¢H;), 33.7 1544 2719 -88.1 33.3 467 66.7 29.3 476 P2/c 33

21 CgHy(D)[C(CHy)SCH,)IrP(CgHy)s* 39.0 160.6 281.1 -789 402 720 450 135 435 Pbc2, 34

22 n*-CH,C;H(CO)(NO)MnP(C¢Hy); 37.5 1584 2771 -829 37.7 79.1 281 -0.3 356 Pbca 35

23 [CsH3(CH,){(CeH5)1(COYI)FeP(CeHy)y 321 1514 2738 -86.2 32.4 62.6 451 14.8 408 P2/n 36

24 [CsH,3(CH,)(C¢H;)}(CO)(COCH,)FeP(CgHj), 345 1554 270.6 -89.4 33.5 596 62.7 43 422 PI 36

25  (CyH,menthyl){CO)(C)RuP(CgHj); 540 175.1 2946 —65.4 546 409 1.8 795 40.7 P2,2,2, 37

26 (C;oH;00)(COXCS)CrP(CeH), 485 1655 283.0 -77.0 457 448 842 123 471 P2,2,2, 38

27 CsHy(CO)Mn[P(C¢Hy)sl, 53.2 171.6 296.3 -63.7 53.7 558 897 4.3 499 PI 39
b 455 171.9 288.6 -71.4 48.7 780 573 -22 444 Pi

28  CsH5(CHRu[P(CeHy)s], 49.8 173.0 2926 -67.4 51.8 725 525 -16 411 PI 40
b 53,7 173.5 2989 -61.1 554 67.7 695 26 466 PI

¢Two independent molecules in the unit cell. ®Second P(C¢H;); ligand.

differentiation mechanism is established for triphenyl- Cen

phosphine derivatives of the type (arene)L,MP(CgH;);. Ph3. as X phi

The phenyl rings in triphenylphosphine and tri- ©

phenylphosphine derivatives usually assume a propeller-

like conformation.”  Pseudotetrahedral (triphenyl- L L

phosphine)metal complexes are ethane-type compounds P:;

which are predicted to adopt a staggered conformation
with respect to the M-P bond. In this paper we present
a conformational analysis of Cp(CO),MnP(CzH;); (Cp =

651, )-based-on-single-eryetal X ray-datelwwhich-shows-~

that the propeller structure of P(CgHj); distorts the ideal
staggered ethane conformation. Subsequently, this con-
formational analysis is extended to account for the solid-
state structures of other ethane-like triphenylphosphine
complexes of the type (arene)L,MP(C¢Hj;); and (arene)-
LL/MP(C¢H;); found by a computer search in the Cam-
bridge Structural Database.

Solid-State Conformation of Cp(CO),MnP(C;H;),;

Figure 1 shows the Newman projection along the Mn-P
bond for a hypothetical staggered conformation of Cp-
(CO);MnP(C.H;); with Cen = Cp centroid directed up-
wards. In this hypothetical staggered conformation the
P-Cyp,, bond to phenyl Ph2 is exactly trans to the Cp
centroid (a2 = 180°). The P-C,, bonds to the other two
phenyls Phl and Ph3 form the gauche angles a1 = 60° and

(7) E. Bye, W. B. Schweizer, and J. Dunitz, J. Am. Chem. Soc., 104,
5893 (1982).

(8) C. Barbeau, K. S. Dichmann, and L. Ricard, Can. J. Chem., 51,
3027 (1973).

Figure 1. Newman projection of CenL,MP(C¢H;); along the M-P
bond. Staggered conformation: al = 60, a2 = 180, a3 = 300, and
a3’ = -60°.

a3 = 300° (a3’ = —60°) with respect to Cen, the Cp cen-
troid. The torsional angles «l, a2, and a3 for Cp-
(CO);MnP(CgHg)s, 1, and for compounds 2-11 (Table I)
are measured from the arene centroid. For the following
discussion it is not relevant that the CenML angles are
usually larger than the LML angle.® The staggered con-
formation in Figure 1 is attained starting from the eclipsed
conformation by a formal rotation around the M-P bond
of +60° (clockwise) or —60° (counterclockwise). The con-
formations in Figure 2 are obtained from the eclipsed
conformation by a rotation a, clockwise for 0° < o < 60°
(case A) and counterclockwise for -60° < o < 0° (case B).
The deviation from the ideal staggered conformation in
Figure 1 is caused by the propeller arrangement of the
three phenyl rings in the P(C¢Hj); ligand.
Cp(CO);MnP(C¢Hj)s, 1, and most of the compounds
2-28 crystallize in centrosymmetric space groups (Tables
I and II). Therefore it is a matter of chance the data of

(9) G. M. Reisner, 1. Bernal, H. Brunner, and M. Muschiol, Inorg.
Chem., 17, 783 (1978).
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Figure 2. Newman projection of CenL,MP(CgzHj), along the M-P
bond: case A, clockwise rotation (o < 60°); case B, counter-
clockwise rotation (a < -60°) with respect to the eclipsed con-
formation. Newman projection along the P-C;,, bond of the
P-Ph(i) moiety. Individual propeller angle 1’(1’5’,ﬁ corrected for

" nonplanarity of the phenyl substituent: case A’ (r(i) > 0) and
case B’ (7(i) < 0).

which enantiomer have been incorporated into the Cam-
bridge Structural Database. In the following discussion
the signs of all the angles of cases B have been inverted
so that all the problems are dealt with the same chirality.

In Cp(CO);MnP(C¢Hj;), the phenyl ring Phl approaches
closer to Cp (see Figure 3), making the small gauche angle
al = 39°, Phl is then “face exposed” toward Cp because
the phenyl and Cp planes are almost perpendicular to each
other. The other gauche phenyl Ph3 is further away from
the Cp, making the large gauche angle a3’ = -83.4°, as
defined in Figure 2. Ph3 is therefore “edge exposed” to-
ward Cp because it orients its ortho C-H bond toward the
Cp ring (see Figure 3). It is this increased Cp/ortho C-H
interaction which is responsible for the large gauche angle
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a3’ of the edge-exposed phenyl. The face/edge exposure
of phenyls Phl and Ph3 causes the trans phenyl Ph2 to
deviate from the ideal trans angle a2 = £180° to give the
real trans angle a2 = 157.4°. These interactions lead to
a formal clockwise rotation of the P(CqHj;); ligand around
the Mn—P bond by a = 37.7° with respect to the eclipsed
conformation.

In Figure 2, the Newman projection A’ along the P-C
bonds to the ipso-carbon atoms of P(C¢H;); phenyl rings
is shown with the Mn-P bond directed upwards. The
torsional angles M=P—C,,,,~C 1, 7" and 7" determine the
arrangement of the phenyl blades in the triphenyl-
phosphine propeller.” As there are two such torsional
angles to the two ortho C atoms, only the smaller one v
(]7'] < 90°) is used. When averaged according to Figure
2, this torsional angle is called propeller angle (i), its value
being close to that of 7. The propeller angles 71, 72, and
73 refer to the gauche and trans angles al, o2, and a3 for
phenyls Phl, Ph2, and Ph3 (Figure 2).

The propeller angles for Cp(CO);MnP(CgHj;); are 71 =
50.0°, 72 = 60.0°, and 73 = 23.1° (Table I). The average
of these three angles 44.4° is called the average propeller
angle 7. The edge exposed phenyl Ph3 with the large
gauche angle a8’ deviates from the average propeller angle
by 21.3°, thereby diminishing the edge exposure of Ph3
and the steric hindrance of Cp/ortho C~H. The steric
interaction of Cp/ortho C-H would be much larger if
phenyl Ph3 were to retain the average propeller angle
44.4°. Generally, a phenyl which is edge exposed to a
m-bonded arene ligand tends to decrease the average
propeller angle || and thus to reduce the Cp/ortho C-H
interaction.

On the other hand, phenyl Phl which is face exposed
to the Cp ligand increases its propeller angle 71 with re-
spect to the average propeller angle 7 by 6°. This increase
allows better face exposure and thus Cp/Ph contact with

Figure 3. ORTEP drawing and stereoview of Cp(CO);MnP(CsH;); (case B).2
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Figure 4. o/7 plot for compounds 1-11. Average values: al = 40.6, a2 = 160.6, a3 = 280.1, 71 = 59.1, 72 = 63.2, and 73 = 8.8°.

reduced steric hindrance. Deviations from the average
propeller angle should increase with decreasing gauche
angles and allow closer Ph approach to the =-bonded Cp.
Phenyl 2, trans to Cp, orients its ortho C-H unit exactly
between the Mn(CO), group due to the given rotation a
and its individual propeller angle 72 = 60°. To produce
the same result for a larger rotation «, a smaller propeller
angle |72| would be required and vice versa.

The ORTEP plot and the stereoview of Cp(CO);MnP-
(C¢Hp); in Figure 3 clearly show the face exposure of
phenyl Ph1 and the edge exposure of phenyl Ph3 toward
the Cp ring. It is primarily the interaction of the Cp with
the neighboring ortho C-H bond of the edge-exposed Ph3
which causes the rotation « and the differentiation into
large and small gauche angles a3’ and «1.

Conformation of P(C;H;); Bonded to C,,
Fragments

In (NO);MnP(C4H;), triphenylphosphine is bonded to
a (NO);Mn fragment with Cj, symmetry.l® Angles ol =
5.3°, a2 = 126.7°, and a3 = 246.0° (a3’ = -114.0°) show
that P(CgHj;)s is rotated by only a = 6° from the eclipsed
conformation with respect to the MnP bond. However,
taking into account the propeller structure of P(CgHj)s,
an average propeller angle 7 = 44.3° locates the ortho
hydrogen atoms of the phenyl groups exactly between the
NO ligands, the combination of & = 6° and 7 = 44.3° being
an excellent choice for such an arrangement. It is note-
worthy that the individual propeller angles for (NO);Mn-
P(CcH;); (11 = 42.9°, 72 = 45.3°, 73 = 49.1°) are re-
markably constant with deviation from 7 of less than 5°.
There is no face or edge exposure of the phenyl rings in
(NO);MnP(C¢Hj;); as discussed for Cp(CO);MnP(C¢Hj)s.
The pseudo-C;, compounds (CO),(NO)CoP(CzH;);!* and
(NO),(CO)FeP(C¢Hs);'2 have a and 7 values very similar
to those in (NO);MnP{(CgHj)..

The three propeller angles for OP(CzHj;); are 24.7, 59.3,
and 21.1° (average r = 35.0°)!3 and for the two inde-
pendent molecules in the unit cell of SP(CgH;); are 50.3,
55.2, and 10.6° (average 7 = 38.7°) and 50.0, 57.5, and 12.2°
(average 7 = 39.9°).1% The average 7 values of both are

(10) R. D. Wilson and R. Bau, J. Organomet. Chem., 191, 123 (1980).

(11) V. G. Albano, P. L. Bellon, and G. Ciani, J. Organomet. Chem.,
38, 155 (1972).

(12) V. G. Albano, A. Araneo, P. L. Bellon, G. Ciani, and M. Ma-
nassero, J. Organomet. Chem., 87, 413 (1974).

(13) G. Bandoli, G. Bortolozzo, D. A. Clemente, U. Croatto, and C.
Panattoni, J. Chem. Soc. A, 2778 (1970).

close to the average propeller angles of (NO);MnP(CgH;),,
7 = 44.3° (individual 7 values given above), (CO),(NO)-
CoP(CgHj5)s, 7 = 45.2° (71 = 50.7, 72 = 40.4, 73 = 44.5°),
and (NO),(CO)FeP(CH;),, 7 = 45.5° (71 = 50.0, r2 = 41.8,
73 = 44.6%). However, the individual propeller angles of
OP(CgH;); and SP(C4H;); deviate appreciably from the
average 7 value, whereas for the P(CgHj); complexes of the
fragments (NO)zMn, (CO),(NO)Co, and (NO),(CO)Fe they
are almost constant (maximum deviation from 7, +5°). In
molecules such as OP(C¢H;); and SP(CgH;);, where no
large fragment bonded to P is able to cause directive in-
teractions for the phenyl rings, individual propeller angles
are probably due to packing effects. In the C;, and
pseudo-Cs,, complexes, however, intramolecular nonbond-
ing interaction of the LyM fragment rather than packing
forces control the propeller structure of the P(C¢Hj),
moiety.

Compound_s of the Type (Arene)L,MP(C:H;),
The cation [Cp(CO),FeP(CsH;)s1™, 2,8 is isoelectronic

(14) P. W. Codding and K. A. Kerr, Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem., B34, 3785 (1978).

(15) G. A. Sim, D. J. Woodhouse, and G. R. Knox, J. Chem. Soc.,
Dalton Trans., 629 (1979).

(16) P. Diversi, G. Ingrosso, A. Lucherini, W. Porzio, and M. Zocchi,
J. Chem. Soc., Chem. Commun., 811 (1977).

(17) R. G. Gastinger, M. D. Rausch, D. A. Sullivan, and G. J. Palenik,
J. Am. Chem. Soc., 98, 719 (1976).

(18) R. Usdn, L. A. Oro, M. A. Ciriano, M. M. Naval, M. C. Apreda,
C. Foces-Foces, F. H, Cano, and S. Garcia-Blanco, J. Organomet. Chem.,
256, 331 (1983).

(19) P. Diversi, G. Ingrosso, A. Lucherini, W. Porzio, and M. Zocchi,
Inorg. Chem., 19, 3590 (1980).

(20) M. B. Hursthouse, K. M. A. Malik, D. M. P. Mingos, and S. D.
Willoughby, J. Organomet. Chem., 192, 235 (1980).

(21) C. Couldwell and J. Husain, Acta Crystallogr., Sect. B: Struct.
Crystallogr. Cryst. Chem., B32, 2444 (1978).

(22) G. Hunter, D. J. Iverson, K. Mislow, and J. F. Blount, J. Am.
Chem. Soc., 102, 5942 (1980).

(28) D. J. Iverson, G. Hunter, J. F. Blount, J. R. Damewood, Jr., and
K. Mislow, J. Am. Chem. Soc., 103, 6073 (1981).

(24) V. G. Andrianov, Yu. T. Struchkov, N. K. Baranetzkaya, V. N.
Setkina, and D. N. Kursanov, J. Organomet. Chem., 101, 209 (1975).
( (25) V. A. Semion and Yu. T. Struchkov, Zh. Strukt. Khim., 10, 88

1969).

(26) C.-K. Chou, D. L. Miles, R. Bau, and T. C. Flood, J. Am. Chem.
Soc., 100, 7271 (1978).

(27) 8. L. Miles, D. L. Miles, R. Bau, and T. C. Flood, J. Am. Chem.
Soc., 100, 7278 (1978).
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Figure 5. /7 plot for compounds 12-28. Average values: al = 41.9, a2 = 162.9, a3 = 283.0, 71 = 58.3, r2 = 48.6, and 73 = 21.7°.

with Cp(CO);MnP(C¢H;)s, 1.8 Its rotation by a = 45.4°
and its average propeller angle of + = 47.8° are slightly
larger than the corresponding values in 1. Table I shows
that the individual propeller angles for both compounds
are also very similar. For compound 2, the face-exposed
phenyl ring deviates by 7.6° and the edge-exposed phenyl
ring deviates by 30.3° from the average propeller angle in
the direction expected to minimize Cp/ortho CH inter-
actions.

The cyclopentadienyl and pentamethyleyclopentadienyl
derivatives 3-9 (L = substituted or unsubstituted metal-
lacycles, norbornadiene, or two monodentate ligands like
NO; and Cl) show rotations in the range between 50 and
27°. With the exception of 9 which has the lowest value
(30.4°) in Table I all the absolute values of the average
propeller angles 7 are somewhat above 40°.” The propeller
angles for the face-exposed phenyls of compounds 3-9 are
slightly higher, and those for the edge exposed phenyls are
markedly lower, than the average propeller angles. For
compounds 3 and 9 this effect even leads to a change in
the propeller sense for the edge-exposed phenyl 3, indi-
cated by the change in sign given in Table L.

The rotations and the average and individual propeller
angles of compounds 10 and 11, which contain six-mem-
bered arenes, fit well into the overall pattern.

Figure 4 shows a plot a/ 7 which on the abscissa containg
the angles a1 (face-exposed phenyl), &2 (trans phenyl), and
a3 (edge-exposed phenyl). The average values of al, a2,
and o3 given in Figure 4 correspond to a rotation of the
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P(C¢H;); ligand by 42.0° with respect to the eclipsed
conformation.

The average propeller angle = for compounds 1-11 in
Table T is 43.5°.7 Figure 4 shows the deviation of the
individual 7 values characteristic of the three groups of
phenyls from the average propeller angle. The a1 values
cluster around 59.1°. They differ from the average by 17.5°
and indicate an increased face exposure. The a3 values
cluster around 8.8°. They differ from the average by 34.7°
in the opposite direction and thus indicate a decreased
edge exposure. Both deviations tend to decrease the ar-
ene/ortho C-H interaction. The individual r values of the
trans phenyls («2) span a wide range probably due to the
different nature of ligands L in the compounds (ar-
ene)L,MP(C¢Hj;), (Figure 4).

Compounds of the Type (Arene) LL'MP(CiHj;);

Compounds 12-24 include unsubstituted and substi-
tuted cyclopentadienyl compounds (Table II). L and I/
are different one-, two-, or three-electron ligands such as
CO, CS, NO, phenyl, alkyl, formyl, acetyl, halogen, carbene,
carbyne, SO,R, PR, nitrile, other carbon ligands, or car-
bocyclic chelates. The rotations « of all these compounds
are between 30 and 45°, except for 12 and 25 which are
close to the staggered conformation. All the average
propeller angles are in the range 30-50°. There is a clear
differentiation between the individual propeller angles of
face-exposed phenyls 1 vs. edge-exposed phenyls 3, with
only four exceptions. Due to the small rotations «, the
assignment of face-exposed and edge-exposed character
to the gauche phenyls in 12 (practically staggered) and 25
(almost staggered) becomes arbitrary. Thus, only com-
pounds 14 and 16 remain as real exceptions in which 73
of the edge-exposed phenyl 3 is higher than the average
propeller angle. In the case of 16, the propeller angle 71
of the face-exposed phenyl 1 is smaller than the average
propeller angle. The deviations found for 14 and 16 may
be attributed to the excessively bulky nature of ligands LL
or L.

Compound 13 has two independent molecules in the unit
cell both of which fit well into the overall picture. The
same is true for the n*-methylcyclopentadienyl derivative
26 and for the tetralone complex 27, included for com-
parison. Although both sets of phenyls for compounds 27
and 28 have rotations of 50-55°, the individual and average
propeller angles are in perfect accord with the conforma-
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tional analysis proposed and the values given in Table II.

The a/7 plot for compounds 12-28 (Figure 5) is similar
to that in Figure 4. These compounds exhibit an average
rotation of o = 42.6° and an average propeller angle of 7
= 42.8°.7 The individual deviations of the r angles for the
face-exposed phenyls («1) and the edge-exposed phenyls
(a3) are obvious, especially by comparison with the average
7 angles of the different groups of phenyls given in the
caption of Figure 5. The situation is analogous to Figure
4 except for the four cases (12, 14, 16, and 25) discussed
above, which have the smallest 7 angles for al and the
highest = angles for 3.

Tables I and II show that a positive rotation « of the
triphenylphosphine correlates with a positive propeller
angle. Thus, in Figure 2 torsional angles A/A’ are corre-
lated.

Conclusions

The trends noted in the data of Tables I and II dem-
onstrate that the conformations of three-legged piano stool
compounds of the type (arene)L,MP(C4H;); and (arene)-
LL'MP(C¢H;); are determined primarily by intramolecular
effects and not by packing forces.

Triphenylphosphine adopts a compact propeller ar-
rangement which minimizes intramolecular repulsions
between the phenyl rings.

The three phenyl substituents of P(CgHg); and the
fragments (arene)L,M or (arene)LL’M prefer a staggered
arrangement with regard to the M-P bond similar to
ethane-type molecules.

The propeller structure of the P(C¢H;); moiety causes
a distortion from the ideal staggered conformation. The
distortion arises from the interaction of the two phenyl
blades of the propeller with the arene ligand which leads
to a rotation about the M—-P bond with respect to the
staggered conformation so that the face-exposed phenyl
adopts the small gauche angle a1 and the edge-exposed
phenyl adopts the large gauche angle 3’ with regard to
the arene centroid. By additional rotations about the
P-Cip, bonds, the face-exposed phenyl becomes more face
exposed and the edge-exposed phenyl less edge exposed.

Brunner et al.

Both adjustments diminish the arene/ortho C-H inter-
action.

A similar conformational analysis has already been
presented for a limited number of compounds of the type
(arene) LL’MP(C¢H;),NRCH(CH,)(C;H;).*! In these
compounds the amino substituent prefers the gauche
position and not the trans position with respect to the
arene centroid, if there are no intramolecular hydrogen
bonds.*?43 However, the amino substituent always adopts
the large gauche angle making the gauche phenyl a face-
exposed one in agreement with the present discussion.

Experimental Section

A search in the Cambridge Data File* using the program
CSSR* for structures of the type (arene)L.;MP(C;H;); and (ar-
ene)LL'MP(CgH;); (M = transition metal) was carried out in
October 1983. From the extracted atomic coordinates and cell
parameters the center of the arene Cen was calculated, and with
use of the program XaNADU* the torsional angles " and 7 were
determined. (Parameters were not available for seven of the 35
compounds found.) Three compounds'®? with Cy, or pseudo-Cs,
symmetry at the metal and XP(CgH); with X = O and S had
been included from the literature and were handled likewise.
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