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Structural Systematics. Part 5. Conformation and Bonding
in the Chiral Metal Complexes [M(n°-C;R;)(X0)Z(PPh;)]1

Stephanie E. Garner and A. Guy Orpen

School of Chemistry, University of Bristol, Bristol BS8 1TS, UK

Data were retrieved from the Cambridge Structural Database for 67 crystal structures containing suitable
geometric data for 74 molecular fragments of the form [M(n®-C,R;) (XO)Z(PPh;)] 1 (X = CorN; Z = any
ligand). These data were analysed to examine the conformational preferences for the triphenylphosphine
ligand in respect of orientations about the M—P bond and about the P-C bonds of the attached phenyl
groups, and the mechanisms by which the preferred conformers interconvert. There are two main
diastereomeric conformers: group | which has S configuration at the metal and anticlockwise propeller
(left-hand helix) conformation at PPh,; and group il which has S configuration at the metal and clockwise
propeller (right-hand helix) PPh,. Group | structures predominate in the available dataset (56 members to
18 in group 1i). In group | structures the phenyl group closest to the Z and XO ligands (ring B) of the PPh,
ligand is on average rotated ca. 35° away from Z towards the XO ligand and is face-on to Z. In group |!
structures phenyl B is edge-on to Z and face-on to XO, on average being rotated a further 36° from Z.
Analysis of the conformational data suggests the following order for the energy barrier of rotational
processes involving the PPh, ligand: rotation about the M—P bond > PPh, helicity inversion by one-ring
flip > PPh; helicity inversion by asynchronous two-ring flip. Helicity inversion can occur without full
rotation about the M—P bond and is accompanied by a rocking about the M-P bond. Full rotation about the
M-P bond takes place with concomitant PPh, helicity inversion. This analysis of experimental data
provides a detailed test of a previous conformational model. The PPh, groups show distortions in M—P and
P-C distances and C-P-C angles consistent with significant and asymmetric M—P © bonding in those
complexes for which Z is a poor n acceptor and provide evidence for a model of PPh, n back bonding

which involves participation of P-C ¢* orbitals.

The use of transition-metal complexes in organic synthesis has
attracted a great deal of interest in recent years.? The objective
of much of this work has been the exploitation of an asymmetric
metal centre as a chiral auxiliary to afford control of the
stereochemistry of reactions taking place at organic ligands
attached to the metal. Among a number of remarkable systems
that have been developed two closely related classes of
complexes of this type stand out: the iron carbonyl complexes
[Fe(n-CsH)(CO)Z(PPh;)] much studied in Oxford by Davies
and his co-workers,> and the rhenium nitrosyl species [Re(n-
CsHs)(NO)Z(PPh,)] developed by Gladysz and his co-workers
in Utah.* Both these groups (and others exploring related
chemistry) > have established a substantial body of synthetic
organic chemistry of the Z ligand perhaps most spectacularly in
the case where the contact atom of Z is an sp>-hybridised
carbon atom. Furthermore in a number of studies they have
sought to establish the factors underpinning the stereoselectivity
of the reaction chemistry of these and related species of the form
[M(n3-CsR)(XO)Z(PPh;)] 1 (X = C or N). For the most
part these latter studies have focused on the conformational
preferences of the Z ligand (see, e.g., refs. 6-8) and in some
cases explicitly assumed that the other ligands are innocent
bystanders affording an essentially fixed asymmetric environ-
ment for the reactions at Z. In more recent work this approxi-
mation has been examined experimentally and theoretically
and a more complete and detailed picture has begun to
emerge.®!°

In this paper we take the view (as have others !*11~13) that one
may learn about the favoured conformations of a (sub-)-
molecular fragment and the paths linking them by examining

t Supplementary data available: (No. SUP 56917, 10 pp.): full references
corresponding to CSD refcodes. See Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1993, Issue 1, pp. xxiii—xxviii.

those conformations actually observed for the fragment in the
solid state in crystal structure analyses. We seek to identify the
most common conformations of chiral complexes of type 1,
focusing especially on the PPh, ligand, and the pathways
linking these conformations, and to test the conventional
wisdoms of the qualitative and quantitative conformational
analyses that have been advanced for such systems. In carrying
out this analysis we focus on the torsion angle data which
describe these conformations. In addition we seek to test
the proposition !4 that metal-to-phosphine © donation causes
distortions in the phosphine geometry and that such distortions
should be asymmetric given the asymmetry of the metal-ligand
unit in these complexes. Parts of this work have been reported in
preliminary form.'* An earlier database study of PPh,
conformations in [M(arene)LL’(PPh;)] (arene = n-C;Rs or
1N-CgRe, L or L’ = any ligand) species is worthy of note.*®

Experimental

Data Retrieval—Crystal structures containing the molecular
fragment [M(n3-CsR}XO)Z(PPhy)] 1 X =C or N, M =
transition metal, Z = any ligand) were located from the
Cambridge Structural Database (CSD) using the QUEST
program.’” Data for these crystal structures were retrieved from
the January 1991 version of the CSD in which the master data
file contained 86026 entries. The data files retrieved were
screened manually and automatically and only structures which
fulfilled all of the following criteria were retained for further
analysis: (i) R factor < 0.07; (i) atomic coordinates included in
the CSD; (iii) for multiple determinations of the same structure
only the most accurate retained; and (iv) no disorder within the
fragment. The final data files contained 74 fragments from 67
structures (see SUP 56917). A locally modified version of the
program GEOSTAT !® was subsequently used to calculate the
values of the torsion angles (t;, i = 1-3; ©;, i = 1-3, see Fig. 1),
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Fig. 1 Molecular fragment located from the CSD and definitions of
phenyl ring nomenclature and torsion angles used
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Fig. 2 Histogram of torsion angles t,, ts, tc and the fragment
geometry corresponding to the popular conformation having t, =~ 180°

M-P and P-C bond lengths, C-P-C bond angles, and other
parameters for each fragment.

The fragments were all referred to a common handedness at
the metal (S, as illustrated in Fig. 1) and phenyl rings A-C
labelled in the anticlockwise sense shown. The conformation of
the phenyl groups of the PPh, ligand in respect of rotation
about the M-P bond was described in terms of three torsion
angles t;, i = 1-3 (X-M-P-C,,,,) for phenyl groups A-C
respectively. The rings were defined such that ring A had t, in
the range 135~-180 or — 180 to — 105° (i.e. a range equivalent to
135-255°), B had t, in the range — 105 to 15° and ring C had 1,
in the range 15-135° a choice which is both convenient (see
below) and ensures that ring B is that closest to the midpoint
of the Z to XO region (which corresponds to t = ca. —45°,
see Fig. 2).

The conformational problem faced is essentially a four-
dimensional one, in which we inspect the rotation of the PPh,
ligand about the M—P bond and the rotation of each of the
phenyl groups about their P-C, ., bonds. Therefore we chose to
represent this system in terms of four independent variables,
T, ®,, ®p, ®c Where T = [(1, + T, + T3)/3 + n360] (where,
making use of the 360° periodicity of t, s, n was set as required
to put t in the range 135-255°) and the ; values represent the
orientations of the phenyl groups as described in the next
paragraph. Defined in this way values of t are inevitably very
close to those of t, but are averaged across the three phenyl
groups. Such ‘averaged’ torsion angles t,, T3 and 1., where
Ta =T, Tg =T + 120° and tc = v — 120°, are used for rings
A—C respectively in all the discussion that follows. These torsion
angle values all have periodicity of 360° of course.
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The conformations of the phenyl groups in terms of the
rotation about P-C,,,, bonds were defined in terms of torsion
angles w,, g and ®¢ defined as (®;, + ®;; + 180)/2 where o;,
and o;, are the two M-P-C;,,,—C,,;, torsion angles of ring i
calculated in the range — 180 to 180°. Torsion angles ®,, ®g and
¢ therefore fall in the range 0-180° and have periodicity of 180°.

Results and Discussion

Of the 74 fragments studied, 35 have iron and 22 have rhenium
as the transition metal, M. The other transition metals are:
Ru (11 fragments), Os (1), Mn (2), W (1) and Cr (2). All but 14 of
the fragments have an unsubstituted cyclopentadieny! ring. The
exceptions are as follows: CsH,Me (4 fragments), C;Mes (3),
n>-menthylcyclopentadienyl (2), n°-indenyl (2), CsH,I (1),
C H,CHPh, (1) and CsH,Bu' (1). The Z ligands are varied,
and include acyl, alkyl, carbene, o-vinyl and halide ligands
(see Table 1). In 34 of the fragments the contact atom of Z is an
sp2-hybridised carbon, e.g. as in an acyl or o-vinyl ligand.
The preponderance of these ligands mirrors the use of
complexes of this sort for asymmetric synthesis.

The mean bond angles (and the standard deviations of the
distributions *) at the metal for the 74 fragments are as follows:
X-M-Z 939 (4.3), Z-M-Cp 119.6 (2.9), X-M-P 91.9 (2.1);
X-M-Cp 125.6 (3.6), Z-M-P 91.8 (3.7) and P-M-Cp 124.7
(2.8)° (where Cp refers to the centroid of the n-C; ring). These
values are clearly in accord with Davies’ repeated assertion -5-1°
that complexes of type 1 are best described as pseudo-
octahedral with angles between the fac ligand set XO, Z and
PPh, being close to 90° and the n°-C; ligand occupying the
remaining three octahedral sites on the metal.

A histogram of the torsion angles 1,, T3 and 1. (see Fig. 2)
shows clear patterns of high and low frequency (which are
essentially identical to those seen in a histogram of the
‘unaveraged’ torsion angles 1,, T, and t3). In particular there are
well defined regions of t space in which no structures are found
(3-36,123-156 and 243-276°). Conversely the angle distribution
shows maxima close to t values of 60, 180 and 300° (the latter
being equivalent to —60°). Such values correspond to an
orientation of the PPh; ligand in which phenyl A is anti to the
XO (carbonyl or nitrosyl) ligand and the B ring is close to the
Z ligand. We therefore infer that such an orientation is
energetically favoured and that the empty regions of t space
correspond to relatively high-energy conformations. The
observation of large empty regions may further be taken as
consistent with the existence of a significant barrier to rotation
about the M-P bond in species of type 1, as has recently been
observed in solution by NMR methods and postulated on the
basis of molecular mechanics calculations for [Fe(n-CsHj)-
(CO)(COMe)(PPh,)] 2 and fluorinated analogues.'® Further-
more the vacant regions of t space correspond to the
highest-energy points on the calculated energy profile for rota-
tion about the Fe-P bond in 2.

In fact the t distribution is more complex than implied above,
as is shown by closer inspection of the histogram, for example in
the 1y region (245-375°). Two peaks are visible corresponding
to two groups of structures. The first and larger group
(54 members) has 15 values between 276 and 309° [mean
295(7)°] and a second smaller group (20 members) has tg values
between 317 and 363° [mean 331(11)°], ¢f- the mean of the entire
15 distribution 305(18)°. Note that corresponding values for the
means and ranges of the t, and 1. distributions can be
generated from those for ty by subtracting 120 and 240°
respectively.

To investigate the relationship between rotation of the PPh,
ligand and individual phenyl group rotations, T vs. ® scatter-

* Here and throughout this paper the number in parentheses following
a mean value is the standard deviation of the distribution being
described (and not the standard deviation of the mean itself).
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Table 1 The CSD refcode,” metal, XO, n°-CsR and Z ligands and group membership for the 74 fragments studied

Refcode M XO n*-CR; z Group
BERMIU(1) Mn co C,H,Me co I
BOBYAS Re NO C.H, =C(H)Ph I
BOBYEW Re NO C.Hj C(CH,Ph)H(Ph) I
| e a— |
BOFGOS Fe co CsH; SiPh(CH,),CH, I
CAJFEY Re NO C H; N=CC(Et)H(Ph) I
CALWAN Fe co C.H; C(O)C(Me)H(Et) I
CEMGAC Ru co C,H,(C,oH,4) I I
CICDUN Fe co C,H; C(OMe)=C(H)Me I
CUXBIG Fe co C.H, C(O)CH,C(OH)H(Ph) I
CUYVIB Re NO C.H, PPh, I
DAWDUA Fe co C,H, C(O)EtC(OH)H(Me) I
DEYCUF(1) Ru co C,H, PPh, I
DEYKOH Fe co C,H, CF, I
DICFAW Re NO C,H; C(O)CH(Me)(CH,Ph) I
DOPHUL(1) Ru co C,H; PPh, I
DOPHUL(2) Ru co C,H; PPh, I
DUHXOT Fe co C,H; C(O)CH=CH(Me) I
FAKYEV(1) Cr co C,H; co I
FALHAB Re NO C,H; CH,S(Me)CH,Re(NO)(1-C sH s)(PPh,) I
FAMNAI Fe co C,H; C(O)CH,C(NHPh)H(Ph) I
FEBMAA Fe co C,H, C(=CH,)OZr(n-C,H,),Cl I
FEHTUH Fe co CsH, C(O)CH,CHCH,CH, I
FELFOR Fe co C,H; C(O)CH,=CHMe I
FICSAL10 Fe co C.H, CH,SiMe, I
FMCPRE10 Re NO C,H, C(O)H I
FOBWUOI10 Fe co C.H, Et I
o<
FODLAL Re NO CH, ——ci‘-o,s“"“a 1
o)
FOYFUU Re NO CsMe, —c? N Mn(co), I
N, 4
c—C
Hy §
FUDNUN10 Re NO CiH, ICH,SiMe, I
FUGWOT Re NO C.H, CH=CHCH,Ph I
FUGWUZ Re NO C.H, C(OMe)=CHCH,Ph I
FUVWAU Re NO C,H, 0=C(Me)Ph I
GADWEN Fe co CsH; C(O)Me I
GADWENO2 Fe co C.H, C(O)Me I
GAKIJEH Fe co C,H; C(0O)CHMeCH[OC(O)Ph](CH,),CH=CH, I
GEFJEG Re NO C.H, P(BuY), I
H H
O H_C=C
GIBTUG Fe Cco C,H, —Cl.-C. L(H)Me I
C” Hec—cH
Hy 1\
O’c\o/c:O
GINTIG Re NO C.H, =C=C(H)C, H,* I
GINTOM Re NO C,H, C=CMe I
o)
4
—cZ Mo~
JACXIU Re NO C.H, L eleon I
H Yo
JAGDAW Fe co C,H, N=CMe I
JAWKOH Fe co C,H,Me C(O)Me I
KARWOP Re NO CH,Me I I
KEHYEB Fe co C.H, N=CCH[C(O)OH]CMe, I
MCXCFE Fe co C.H; C(0)O(C,oH,,) I
MENCRU Ru co CsH,(CoH, o) cl I
PFECYP(1) Fe co C.H, co I
SADTEW(1) Re NO C.H, IRe(NO)(m-CsH,)(PPh,) I
SADTEW(2) Re NO C.H, IRe(NO)(n-C,H;)(PPh,) I
SAYFIN Fe co C.H, C=CPhCPh=N I
SECHEN Fe co C,H, CH,SCH,Ph I
SECHIR Fe co C,H, CH,(O)Me I
SELHEW Ru co CsH, C=CPhC(CF,),C(CN), I
VATDAV Fe co C.H,I I I

w
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Table 1 (continued)

Refcode M X0 13-CsR,
VEDPAV Re NO C,Me;
ZEGJOK(1) Fe co C,H;
BERMIU(2) Mn co C.H,Me
BIDYAO Fe co C.H,
BUVSOA Re NO C;H,
CAHYIT Fe CcO CsH;,
CIBSFE Fe co C.H,
CUNCOD Ru co C;H;
DEYCUF(2) Ru CcO Cy,H,
DUSYEV Os co C,Me,
FAKYEV(2) Cr co C.H,
FUVPIV Ru co C.H,
JATYEI Fe co C.H,Bu
PFECYP(2) Fe co C.H,
SELHIA Ru co C.H,
SELHOG Ru co C.H,
TPCPTW w co C.H,
VADCEI Fe Cco C;H;
VATDEZ Fe co C,H,C(H)Ph,
ZEGJOK(2) Fe co C.H,

J. CHEM. SOC. DALTON TRANS. 1993

VA Group
~lit
/,o Ll\o
—c\ II
C-C_ I
H  “Re(CO),(PMey)
co I
CcO II
C(CO,Et)=CMe, I
CH,Ph II
C(CO,Et)=CHMe II
SO,(CH,CHMe,) II
C(OCHMe,)=CHPh 11
PPh, 1
=C=C(Bu")H I
CcO II
C(CO,Me)=CH(CO,Me) 1
I 11
CO I
C[C(CN),]JCPh=C(CF,), I
C[C(CN),]JCMe=C(CF,), 11
=CSPh 11
CMe=CMe(C,B,H,Et,) I
I II
co I

¢ Multiple fragments from one refcode are indicated by numbers in parentheses. * C,,H,, = menthyl.  C,,H; = naphthyl.
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Fig. 3 Scattergram of torsion angle ®y vs. ty for all structures
indicating the two main structure types, groups I and II; schematic
representations of the two conformer types. The CSD refcodes of
structures which lie between the main concentrations of points are
indicated

plots were drawn (Figs. 3 and 4). In Fig. 3 the relationship
between 1ty and wg is illustrated. Clearly there are sizeable
regions in which no structures are observed. Furthermore the
structures fall into two groups on the basis of their wg values.
The larger (56 members) group has g values in the range 2-86°
while the smaller (18 members) has wy values in the range
103-168°. These groups, which are termed I and II in the
discussion below, are almost exactly coincident (barring two
fragments, both from CSD refcode DOPHUL, which have tg
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Fig. 4 Scattergram of torsion angles o; vs. 7; (i = A, B or C) for the
three phenyl groups of the PPh, ligands. Three regions (0-180, 180-360,
360-540°) equivalent to one another due to the 180° periodicity of ® are
included. The unique region of @y vs. T3 space as shown in Fig, 3 is boxed

ca. 318°, see below) with those noted above on the basis of the
tp values. The ‘average’ conformations for the two groups may
be represented by the mean t and ® values of the two sets of
conformations: group I, t, 176(8), 15z 296, 1. 56, o, 63(19),
wg 55(17), oc 33(43)°; group II, t, 212(11), t5 332, tc 92,
o, 144(24), wg 141(18), wc 127(12)°. The conformations
corresponding to these values are illustrated schematically in
Fig. 3.

Several points emerge from these observations. First the two
groups of structures have different arrangements of the phenyl
ring (B) close to the Z ligand. Group I structures conform to the
simplified early conformational model of Davies et al. [e.g.
ref. 6(a)] for species such as 1 in that they have phenyl group B
face-on to the Z ligand and more nearly eclipsing Z. In the
simplest such model, with phenyl B exactly eclipsing Z and
perfectly face-on, we would have 15 ca. 270° and wg ca. 90°.
This is a conformation that does not occur in our set of data. At
the centroid of group I (15 296° and wy 55°) rotations about
the M-P and P-C bonds have combined to produce a
conformation (see Fig. 2) that still shields one face of the
Z ligand. In contrast conformations in group II structures are


http://dx.doi.org/10.1039/DT9930000533

J. CHEM. SOC. DALTON TRANS. 1993

qualitatively different, having the B ring closer to eclipsing the
XO ligand and essentially face-on to XO but more nearly edge-
on to the Z ligand (ring A is now more nearly face-on to Z). The
correlation between the conformations of different phenyls is
strong as we show below and the @ values in two groups
correspond to conformations close to the two enantiomeric C,
helical propeller conformers of the PPh; group which have ideal
o, values of 40, 40, 40° and 140, 140, 140° respectively,'? ¢f. the
group centroid values of 63, 55, 33° for I and 144, 141, 127° for
group II. Thus groups I and II correspond to the two
diastereomeric species in which the S configuration at the metal
is coupled with anticlockwise screw (i.e. left-handed helix) (I)
or clockwise screw (i.e. right-handed helix) (II) propeller
conformations of the PPh, group. Davies et al'® have
estimated the energy difference between group 1 and II
conformers of [Fe(n-CsHs)(CO)YCOMe)PPh,)] to be ca.
1 kcal mol™! (ca. 4.184 kJ mol') a value which suggests a ratio
of the two diastereomers of ca. 5:1 at room temperature,
fortuitously !° close to that observed for group I and II
structures here (56:18, ca. 3.1:1).

One key question (that may have a bearing on the stereo-
selectivity of the reactions of these species) is why do some occur
as group I and others as group II diastereomers? Further one
might ask is the result an inherent consequence of the molecular
connectivity or can the crystal environment cause one form to
occur in the solid while the other predominates in solution? We
note that while one cannot draw inferences on the relative
energies of the two types of structure (I and II) from the
numbers of examples seen, it can safely be assumed that the two
diastereomers will normally have rather similar energies. In
addition in cases studied to date (see ref. 10 for a critical review
of the NMR and other data on this point) they are apparently in
rapid equilibrium in solution on the NMR time-scale at all
temperatures studied. Inspection of Table 1 yields only limited
conclusions as to the answers to these questions. Thus of the
60 cases where CsR in 1is CsHs 47 are in group Iand 13 in II
(ratio 3.7:1), of the 35 cases where M(XO) = Fe(CO) 28 are in
group I and 8 in II (ratio 3.5:1), of the 22 cases where
M(XO) = Re(NO), 21 are in group I and only 1 (CSD refcode
BUVSOA which has a highly atypical tg value, 362.9°, see
Fig. 3) in II (ratio 21:1) and of the 15 cases where Z = C(O)R,
i.e. acyl, all 15 have group I conformations. While we hesitate to
draw any conclusions about energetics from the numbers of
structures '® it seems that rhenium nitrosyl species and acyl
complexes may prefer group I conformations more strongly
than other sub-classes of complexes of type 1. Why this should
be so cannot be deduced from this evidence.

The cases in which a single compound gives rise to two or
more fragments listed in Table 1 include two ‘non-chiral’
species, in which Z = PPh; (CSD refcodes DEYCUF and
DOPHUL). Of these cases one {[Ru(n’-CoH,)(CO)(PPh;),]-
Cl0,-CH,Cl,, CSD refcode DEYCUF} gives rise to one
fragment in group I and a second in Il. The other cases also
include those in which there are either two crystallographically
independent [M(11°-C5R5)(XO)Z(PPh,)] units per unit cell
(CSD refcode SADTEW, for which the fragments are part of a
dimeric molecule) or more than one crystal form known
(CSD refcodes GADWEN and GADWENQO02). Finally, four
compounds (CSD refcodes BERMIU, FAKYEV, PFECYP
and ZEGJOK) contribute one fragment to each of groups I and
II simply because they have Z = XO = CO and perforce have
both ‘diastereomers’ present. Therefore in no case in Table 1
have pure ‘crystal packing effects’ clearly been observed to be
sufficient to overcome conformational preferences inherent in
the molecular connectivity (although the situation is not clear
for CSD refcode DEYCUF).

Fig. 4 shows a scatterplot of T vs. @ for all three rings A—C
allowing for the 180° periodicity of the » values and therefore
including three equivalent regions of ® space, i.e. 0180, 180360
and 360-540°. Particularly notable is the near-continuous
nature of the o distributions for the three different rings and the
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Fig. 5 Scattergram of torsion angles (@,, ®g, ®c). A slab of the three-
dimensional conformation space (xy, yy, zy) and its unit cell viewed
down the z, axis that trisects ,, ©g, ®¢c are shown. All fragments that
have z,, values between 0 and 0.333 are shown (in fact all lic in the range
0.055 < z, < 0.30). The two unique groups of conformations I and IT
are shown and the CSD refcodes of three structures which lie between
the main concentrations of points are indicated

correlation of @ and 1 values which leads to the zigzag patterns
of points up the o axis of the plot. The inference to be drawn is
that rotation of the phenyl groups about their P-C,,, bonds is
subject to a relatively small energy barrier (cf. the larger empty
regions in t space and higher barrier inferred). This conclusion
is entirely consistent with the recent NMR studies of Davies
et al.'® The zigzag pattern suggests that the PPh; group must
oscillate about the M—P bond during the rotation of the phenyl
groups. Davies er al!® arrived at a similar conclusion
(magnitude of oscillation +45°), based on molecular modelling
calculations on complex 2.

In order to assess the correlations between the o values
themselves the distribution of points was represented as a
scatterplot on three axes (xy, yy, zy) originally devised by
Dunitz and co-workers !2 in their study of the conformation of
the phenyl rings of PPh; species (especially OPPh,) in crystal
structures. They exploited the periodicity and symmetry of the
torsion angle space (w,, g, ®c) which is described by the
crystallographic space group R32. They further showed that if
the torsion angle distribution was shown using axes corres-
ponding to the hexagonal setting of this space group (xy, vy, Zn),
then the points all fell in well separated layers with approxi-
mately constant values of z, (ca. £, 3, 2, etc.). While the (0,, ®g,
) space in our system does not have three-fold (or indeed any
rotational) symmetry, the torsion angle data can be represented
in the same way on hexagonal axes (corresponding to the non-
standard crystallographic space group R1!) with unit-cell
dimensions a = b = 180-\/2 = 2546,c = 180-\/3 = 311.77°,
a« = B = 90,y = 120° and fractional coordinates derived using
the following relationships: x;; = 2w, — ©g — ©¢)/540, yy =
(04 + ®5 — 200)/540 and z; = (W, + ©p + ©c)/540.2° In
this representation there are three equivalent conformations per
R1 unit cell with coordinates (xy, i, Zs), G + X, 3 + Vo 5 +
zy)and 3 + xu, % + Yu, 5 + zy)- Fig. 5 shows the distribution
of points for a slab of this hexagonal space with 0 < zy < 4, as
viewed down the z, axis. As for the study *? on OPPh, there are
layers near zyz = 0, § and 2 which are clear of any points (see
Fig. 6 for a view parallel to these layers). The two groups of
structures I and II noted in Fig. 3 are identified on Fig. 5. It is
also clear that there are large regions clear of points within the
slab shown in Fig. 5 which are centred at approximately x; = 3,
¥u = 3,24 = L. These forbidden regions correspond to conform-
ations in which (0,, ®g, ®¢) are close to (90, 90, —90°) (see
below). The populated regions are similar but not identical to
those observed by Dunitz and co-workers !? in their study of
OPPh; species. Thus the coordinates (xy, yu, zy) of the
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Fig. 6 Scattergram of torsion angles (w,, ®g, ®c). A slab of the three-
dimensional conformation space (xy, yp, z) and its unit cell viewed
perpendicular to the yy, and z,; axes are shown. The empty regions close
to z, = 0,4,% and 1 are indicated
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Fig. 7 The stereoisomerisation reaction interconverting the helical
propellers of group I and II structures and the idealised ring-flip
mechanisms through which it might occur

centroids of groups I and II in the present work are (0.07, 0.096,
0.28) and (0.71, 0.39, 0.10) respectively, compared with those for
OPPh;, (0, 0,0.22) and (0.66, 0.33, 0.11). Note in particular that
there is enhanced variation in the zy coordinate as well as
deviations from the ideal C; symmetric conformations in the
system studied here.

We now turn to the details of the mechanism(s) by which
structures of type I stereoisomerise into type II and the related
questions of the mechanism of helicity inversion of the PPh,
conformation and consequences of full rotation about the M~P
bond in these species. The description of conformational
behaviour in aryl-substituted species is usually framed in the
terminology of Kurland and co-workers,?! in which idealised
reaction paths are classified according to the number of aryl
groups which ‘flip’ during the process. In terms of the
parameters used in this study this means the number of phenyl
groups whose ; passes through 0° (or + 180, +360°, etc.) while
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Fig.8 Paths for interconversion of PPh, conformers: (a) a view of the
(*y> Yu> zy) unit cell down z,; showing the positions of idealised propeller
and two-ring flip conformers close to z,; = &; (b) a view of the (xy, Yy, zy)
unit cell and the positions of idealised propeller and one-ring flip
conformers close to z,; = 0. ®, 0, _ = 40 + (0, 180, etc.)°, zy = 0.22;
® o, = —40+ (0, 180, etc)’, zy =011; * two-ring flip
intermediate, z, = 0.167; x, one-ring flip intermediate, z,;, = 0.0; O,
w,_c = 40 t (0, 180, etc.)’, zy = 0.11; -~ —, two-ring flip pathway at
zy = 0.167; \~~~, one-ring flip pathway through z,; = 0.0

the other two o; values pass through +90° during the change
from group I to II conformations. The full range of possible
idealised intermediate geometries from zero through one-, two-
and three-ring flip is illustrated in Fig. 7. The zero-ring flip
positions in ® space correspond to the centres of the large
discoid empty regions noted above (e.g. near xy = , yy = %,
zy = &) and may therefore be discounted as possible inter-
mediates. The three-ring flip position (0, ~ 0y  ©¢c = 0°)
corresponds to another empty region of ® space close to the
origin of the (xy, yy, zy) unit cell and can therefore also be
discounted. Fig. 8 shows the positions in the (xy, yy, zy) unit
cell corresponding to one- and two-ring flip intermediate
geometries. Note that there are three distinct two-ring flip paths
[«,, B, and v, in Fig. 8(a)], geometries on the paths from group I
to II structures in which different combinations of rings are
flipped (for path «,, rings B and C flip; for B,, rings A and C; and
for y,, rings A and B). Similarly there are three distinct one-ring
flip paths [for «,, ring A flips; for B, B; and for y,, C, see Fig.
8(b)].

The idealised one-ring flip geometries lie in the empty regions
of (xy, ¥u, Zy) Space around zy = 0,4, 2. In contrast the two-ring
flip geometries lie in the heavily populated layers close to
zy & L,4,2 On this basis and the near-continuous nature of the
distribution of points within these layers (see Fig. 5) the two-
ring mechanism seems likely to be the lowest-energy process by
which the chirality of the PPh, propeller in complex 1 can be
inverted. However as shown in Fig. 6 and noted above the
description of the  space by a two-dimensional projection is an
approximation which ignores the substantial fluctuations up
and down zy. The consequence of these fluctuations is that the
empty layer at zy ~ 0, 4,  is rather thin (e.g. not as thick as in
the case of OPPh; species) and pathways which cross this layer
cannot be ruled out. Fig. 9 shows one region of the (xy, yu, zy)
unit cell where the populated regions (above and below z; = 0)
are particularly close to one another either side of one-ring flip
positions in which either ring A or B (but not C) is flipped. We
therefore infer from these observations that one-ring flip
mechanisms may be operative in species 1 but they are likely to
be higher in energy than the two-ring flip processes.
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Fig. 9 Scattergrams of torsion angles (©,, ®g, 0¢). A slab of the three-

dimensional conformation space (X, yu, zy) and its unit cell viewed

(a) down the z, axis (¢f. Fig. 5), (b) perpendicular to the yy and zy axes

(cf- Fig. 6). Only fragments that have z, values between —0.167 and

0.167 are shown

The mechanism of interconversion of clockwise and anti-
clockwise PPh; propeller conformations in OPPh, species was
the subject of a structure correlation study by Dunitz and co-
workers 12 who concluded that in that, more symmetrical, case
there was clear evidence from the structural data to support a
two-ring flip mechanism. Davies ef al.'® have studied the
mechanisms of M—P and P-C rotation for [Fe(n-CsH 5)(CO)-
(COMe)(PPh,)] by means of molecular mechanics calculations
and suggested for species such as 1 that a sequence of one- and
two-ring flips were involved in full (ie. 180° rotation of the
phenyl rings). This is not necessarily the case since a series of
two-ring flips will also give rise to 180° rotation of all three
phenyl groups. Furthermore the calculations of Davies et al.'°
suggested that the two-ring flip should encounter a lower energy
barrier (ca. 3 kcal mol™!) than the one-ring flip (ca. 5 kcal mol™*)
a prediction which is entirely in accord with our observations
above.

The correlation of rotation about the M—P bond with the
process of PPh, helicity inversion is apparent from the
identification of groups I and II. As noted above there is near-
perfect matching between the groups of structures selected on
the basis of their 15 values and those selected on the basis of their
oy values. The only exceptions arise from bis(triphenyl-
phosphine) species {[Ru(n-CsHs)(CO)(PPh;),]BPh,, CSD
refcode DOPHUL} which yields two fragment geometries
which are atypical in having 1 values typical of the low end of
the group II range but g values close to those of the remainder
of group I. In fact these two geometries are more truly
intermediate between the two main groups in © space (see
Fig. 5). As such they (and the other indicated fragment in Fig. 5,
CSD refcode MENCRU) are models for the midpoints of
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the helicity inversion of the PPh; ligand by the three different
two-ring flips possible in 1 [«5, B,, 7, in Fig. 8(a)]. The tp values
for these three fragments are not dissimilar [DOPHUL(1)
318.6, DOPHUL(2) 317.0, MENCRU 309.0]°. Apparently this
(i.e. Tz ca. 315°) is an orientation which allows helicity inversion
of PPh; to take place by any of the three different routes. The ©
values for these three fragments seem to indicate that the two-
ring flip process is not synchronous in this system. Thus for
MENCRU the o values are 41, 2, 79° (cf. ‘ideal’ values for the
corresponding two-ring flip species vy, which lies between 40,
40, 40 and —40, —40, 140°, i.e. of 0, 0, 90°). For DOPHUL(1)
the ® values are 101, 16, —30° (¢f. ‘ideal’ values for the
corresponding two-ring flip species «, which lies between 40, 40,
40 and 140, —40, —40°, i.e. 0of 90,0, 0°). For DOPHUL(2) the
values are —9, 77, —37° (¢f- ‘ideal’ values for the corresponding
two-ring flip species B, which lies between 40, 40, 40 and —40,
140, —40°, i.e. 0f 0, 90, 0°). Therefore it appears that in each case
one ring flips first, followed by a second. In their study of helicity
inversion in OPPh, Dunitz and co-workers 2 noted a similar
deviation from the idealised geometry for the two-ring flip ‘inter-
mediate’.

The fragment which probably lies closest to the transition
state for M-PPh, rotation has CSD refcode BUVSOA (see
Fig. 3), the T values (122.9, 242.9, 362.9°) of which place it almost
exactly midway between the maxima of the t distribution shown
in Fig. 2. Perhaps surprisingly the ® values (133, 131, 133°) for
BUVSOA are nearly perfectly propeller like and it falls close to
the centre of the group II structures in, e.g., Fig. 5. Other
fragments which fall near the extremities of the t distribution are
all of group I if 1y < 290°, and of group II if Tz > 350°, the
changeover occurring at or about 13 = 315° as noted above.
There is no evidence as to the preferred mechanism of the
helicity inversion which accompanies rotation about the M—P
bond through values of 245 < 15 < 275°, but we may con-
jecture that the transition state for this process will have 1y
ca. 260° (and so t, ca. 140° and 1 ca. 20°).

As was noted above, much of the interest in these complexes
has focused on those species for which the contact atom of Z is
an sp2-hybridised carbon atom. For the 34 cases for which this
is the case and so Z is a ligand of the form C(Y)Q (where Y is
often O or CR, and Q is often an alkyl group) the torsion angle
v = X-M-C-Y (in the range 0-360°) was calculated where Y
was defined as the substituent most nearly anti to the XO ligand.
Thus v is variable (137-203°) but always fairly close to 180° (by
definition it falls in the range 90-270°). Fig. 10 shows plots of v
vs. @y and 15 with those cases in which Q is a double-bonded
substituent circled for emphasis. There appears to be little effect
of PPh, conformation (as indicated by either T3 or wg) on the
conformational preferences. The conformational preferences for
ligands of this type have been the subject of extensive discussion
and debate (see ref. 8 for a recent contribution). In molecular
mechanics studies on complex 2 Davies et al.'® have recently
noted that some flexibility in the acyl conformation is associated
with conformational changes in the Fe-PPh, moiety.

To assess the generality of the model of phosphine n back
bonding we described recently'* further analysis of the
geometry of the M—PPh;, fragment was carried out. The model
predicts that increased M-P = bonding should cause shortening
of the M—P bond, weakening and lengthening of the P-C bonds,
and narrowing of the C—P-C angles in M—PPh; species as a
consequence of increased occupancy of the pair of PPh; lowest
unoccupied molecular orbitals (LUMOs) which contain some
P-C o* character (see Fig. 11). If © donation is asymmetrical,
e.g. the metal donates effectively only into one of the two PPh,
LUMOs, then this model predicts that asymmetric distortions
of the P-C lengths and C-P-C angles should occur. Such
asymmetric donation would be expected for species 1 when Z is
a poor T acceptor, in which case the only effective n-donor
orbital on the M(n*-CsR;)(XO)Z fragment is the fragment
highest occupied molecular orbital (HOMO) (mainly d,, as
illustrated in Fig. 11).** When the PPh, conformation has ring
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Fig. 10 Scattergram of torsion angle v vs. T and g for structures in
which the contact atom of ligand Z is an sp2-hybridised carbon

A anti to the XO ligand (as is predominantly the case) this
orbital will m-donate exclusively into LUMO(2) causing
weakening and lengthening of the P-C,,,, bonds for rings B and
C (but not A) and narrowing of the C-P-C angle between rings
B and C (but not of the other two C-P-C angles). These
predictions may be tested against the numerical data available.

The 35 fragments for which M = Fe and the 22 cases for which
M = Re were each divided into two classes on the basis of the
n-acceptor ability of ligand Z (class A with Z a weak or non-n
acceptor, e.g. alkyl, acyl, vinyl, phosphine or halide; class B with
Z a strong m acceptor, e.g. carbene, vinylidene, carbonyl).
Mean values of the Fe-P and Re-P bond lengths were
calculated. These values (and the standard deviations of the
distributions) are as follows: Fe-P Class A, 30 examples,
2.206(17); Class B, 5 examples, 2.241(1); Re-P Class A, 20
examples, 2.368(15), Class B, 2 examples, 2.420(10) A. The
presence of a systematic difference between the values for the
M-P distances in these pairs of groups was then tested by a
Mann-Whitney U-test.22 In each case (M = Fe and M = Re)
the difference is significant at above the 99% level. Thus the
presence of a strong m-acceptor ligand Z causes an increase in
M-PPh; bond length, an observation consistent with a
significant component of ® bonding in the M—P bond in species 1.

For the 55 structures for which the conformation lies close to
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Fig. 11 Orbitals involved in M-P = bonding in species 1: the M(n*-
C;R}(XO)Z fragment HOMO and the PPH, ligand LUMOs. For the
latter the P-C o* plus P 3d hybridisation is illustrated

that shown in Fig. 1 (ie. with t, = 180 + 20°) a similar
subdivision was made into classes C (Z = weak or non-n
acceptor, 48 members) and D (Z = strong m acceptor, 7
members). Parameters Apc and Agpc were calculated for
each fragment according to the relationships Apc = P-C, —
0.5(P-Cg + P-C) and Agpc = C—P-Cy — 0.5(C,—P-C; +
Ca-P-C¢) (where P-C, is the P-C;,,, bond length for ring A,
and C,~P-Cy is the C;,;,,—~P-C;,,, bond angle formed between
rings A and B). The values of Apc and Agpe were tested
(Wilcoxon T-test) 22 for systematic deviations from zero in the
sense predicted above. These tests indicate that for group
C(Z = weak macceptor) Apc tends to be negative (at better than
97.5%;, significance) and Acpc negative (>99.5% significance)
while for group D A does not differ significantly from zero and
Acpc tends to be negative (>99.0% significance). Thus, as
predicted, species for which highly asymmetric = donation
would be expected show shorter P-C, lengths and narrowed
C—P-C; angles. In contrast the cases with less (but usually non-
zero) asymmetry of = donation show no significant asymmetry
in P-C distances and less dramatic asymmetry in C—P—-C angles.

Conclusion

The chief conclusions of this work relate to the preferred
conformations of the PPh; ligand in species S-[M(n°-CsR5)-
(XO)Z(PPh3;)] 1 and the mechanisms by which they inter-
convert. There are two main diastereomer conformer types:
group I which has S configuration at the metal and anti-
clockwise propeller (left-hand helix) conformation at PPh;; and
group II which has S configuration at the metal and clockwise
propeller (right-hand helix) PPh;. Group 1 structures
predominate in the available dataset (56 to 18 in group II). In
group I structures the Z ligand (at which much of the important
chemistry of species 1 occurs) is shielded by phenyl ring B of the
PPh; ligand which in the average conformation is rotated ca.
35° away from Z towards the XO ligand and which is face-on to
Z. In group 11 structures phenyl B is edge-on to Z and face-on to
XO, on average being rotated ca. 71° from Z. The PPh, ligand
adopts conformations which support the assertion that rotation
about the M—P bond is a relatively high-energy process which
has a transition state having tg ca. 260° (and so 7, ca. 140° and
tc ca. 20°). Helicity inversion of PPh; can occur without full
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rotation about the M—P bond and is accompanied by a rocking
about the M-P bond in which 1ty passes through 315° and
probably takes place by asynchronous two-ring flip mechanisms.
One-ring flip mechanisms appear to be of higher energy than the
two-ring alternatives but may be operative. Zero- and three-ring
flip mechanisms appear to be of much higher energy. Full
rotation about the M—P bond takes place with concomitant
PPh, helicity inversion by an unspecified mechanism. The
conformational model of Davies et al!® (based on NMR
spectroscopy and molecular mechanics *) successfully predicts
many of these observations, which are based on experimental
structural data. The PPh, groups show distortions in M—P and
P-C distances and C-P-C angles consistent with significant and
asymmetric M—P n bonding in those complexes for which Z is a
poor = acceptor. This conclusion is in accord with a significant
role for P-C o* orbitals in the n-acceptor capability of PPh;.
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