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The solid-state structure of [Pd(3-C10H15) (R-(+)-BINAP)](CF3S0s), 3a, and multidimensional
IH, BC, and %P NMR spectroscopy and MM2* calculations for [Pd(n3-CioH5)(S,S-
CHIRAPHOS)](CF3803), 4, are presented. The various solid- and solution-state structural
parameters are compared with literature analogues and differences discussed. Some of the
structural distortions observed in both of these »® 8-pinene allyl complexes are suggested to arise
from electronic effects associated with substituted allyl ligands. The calculations suggest that
the chiral array of four phenyl substituents for BINAP is somewhat different from that for
CHIRAPHOS, with the phenyl groups for the latter having markedly less “axial” and “equatorial”
character. Results from catalytic allylation experiments support the idea of a difference in the
chiralarray. Crystallographicdata for 3a are as follows: space group P6; (No.169),a =11.787(2)

A ¢c=5963(1) A, V="71792) A3, Z = 6.

Introduction

Homogeneous catalytic allylation is a reaction of syn-
theticinterest,! and this is especially true if chiral products
can be prepared with substantial enantiomeric excesses.?
For the case where the catalyst is based on a chiral
bidentate phosphine complex of palladium (II)2-6 one can
isolate an allylic intermediate related to 1 (there are other
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possibilities for 1, e.g., there can be two R groups on a
terminal carbon, the chirality can be on phosphorus as
opposed to the carbon backbone, etc.). The mechanism
of the allylation reaction is now reasonably well under-
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stood,” however there are a number of pathways which
can lead to reduced optical yields.*

We have become interested in both the subtle® as well
as the gross® structural aspects of complexes such as 1.
Specifically, for cationic complexes such as 2 we have
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shown?® that there is a selective rehybridization of the
terminal allyl carbons such that the anti protons move
out of the allyl plane and away from the metal. Inaddition
we have considered the nature of the chiral pocket formed
by the diastereomeric 8-pinene allyl BINAP complexes,
3, using 2-D 'H-NOESY methods.? We have been par-
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3b=5(-) BINAP both as CFs80; salts

ticularly interested in knowing how the chiral array of

(7) Sawamura, M.; Ito, Y. J. Am. Chem. Soc. 1992, 114, 2586.

(8) (a) Albinati, A.; Kunz, R. W.; Ammann, C. J.; Pregosin, P. S.
Organometallics 1991, 10, 1800. (b) Albinati, A.; Ammann, C.; Pregosin,
P. S.; Riegger, H. Organometallics 1990, 9, 1826.

(9) (a) Ruegger, H.; Kunz, R. W.; Ammann, C. J.; Pregosin, P. S. Magn.
Reson.Chem. 1992, 29, 197. (b) Ammann, C. J.; Pregosin, P. S.; Rilegger,
H.; Albinati, A.; Lianza, F.; Kunz, R. W. J. Organomet. Chem. 1992, 423,
415.

© 1994 American Chemical Society



84 Organometallics, Vol. 13, No. 1, 1994

Scheme 1

2 [X\m ]

AgX, BINAP
or 5,5-CHIRAPHOS

-AgCl

ax eq
Me Me

N
o 5

S,S-CHIRAPHOS

#-pinene allyl

four phenyl groups in a complexed BINAP interacts with
acoordinated allyl ligand and have found that the pseudo-
equatorial phenyl groups seem to intrude much more than
the corresponding pseudo-axial phenyls. Our NOE data
when combined with some simple calculations have allowed
us tosuggest 3-D solution structures for 3a,b. Inthis work
we (1) report on the solid-state structure for 3a as
determined by X-ray diffraction methods, (2) extend our
NMR solution structural work to [Pd(®-CioHis)(S,S-
CHIRAPHOS)}(CF3S0Q3), 4, an analogous §-pinene allyl
containing 28,3S-2,3-bis(diphenylphosphino)butane (S,S-
CHIRAPHOS), and (3) utilize MM2* type calculations to
explore the electronic and structural sides of this Pd-allyl
chemistry.

Results and Discussion

The preparation of the complexes as well as our
numbering system for the 8-pinene allyl isshown in Scheme
1.

X-ray Structure of 3a. The solution structural
analysis of our BINAP complexes using NMR methods
has been, to this point, unsupported by a suitable
comparison with a solid-state structure; however, we have
now determined the solid-state structure for 3a and show
an ORTEP view of this molecule in Figure 1. Table 1
shows a selection of distances and angles for 3a, and Tables
2 and 3 give crystallographic and positional parameter
information, respectively. Our new results are best
understood when taken together with our earlier X-ray
results®® for [Pd(93-CyoH;s)(4,4’-dimethyl-2,2’-bi-
pyridine)](CF3SOs), 5, which contains a §-pinene allyl

)
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Figure 1. ORTEP plot for the cation of 3a.
Table 1. Selected Bond Lengths (A1) and Bond Angles (deg)

for 3a
Pd-P(1) 2312(3)  Pd-P(2) 2.347(5)
Pd-C(1) 2.22(2) Pd-C(2) 2.26(1)
Pd-C(3) 2.25(1) C(1)-C(2) 1.45(2)
C(2)-C(3) 1.47(2) P(1)-C(111) 1.80(1)
P(1)-C(121) 1.81(2) P(1)-C(131) 1.78(2)
P(2)-C(211) 1.82(1) P(2)-C(221) 1.81(1)
P(2)-C(231) 1.77(2)
P(1)-Pd-P(2) 95.8(1) P(1)-Pd-C(1) 97.8(4)
P(1)-Pd-C(2)  129.1(4) P(1)-Pd-C(3) 165.4(5)
P(2)-Pd-C(1) 158.8(5) P(2)-Pd-C(2) 134.6(4)
P(2)-Pd-C(3) 98.1(5) C(1)-Pd-C(3) 67.6(6)

together with the relatively small nitrogen bidentate. Apart
from the usual bond lengths and bond angles, we are
specifically interested in comparing 3a and 5 with respect
to (a) the positions of the three allyl carbons relative to
a coordination plane defined by the metal and the two
coordinated chelate donors, (b) the angle between this
latter plane and the plane defined by the allyl carbons,
and (c) the locations of distortions in the allyl ligand which
arise as a consequence of the differences in steric and
electronic properties between the various ligands.
There is no symmetry in 3a; however, if the allyl is taken
as a four-electron donor, then 3a can be considered as
having alocal distorted square planar geometry. The Pd-P
separations 2.312(3) and 2.347(5) A are comparable to those
found!®in the allyl complex [Pd (73-C(m-xylyl)sCHCHPh)-
(S,S-CHIRAPHOS)] (BPhy), 6, 2.321(6) and 2.25(1) A. The
three Pd-C(allyl) bond lengths in 3a, 2.22(2), 2.26(1), and
2.25(1) A, are longer than the corresponding distances®®
in 5, ca. 2.10-2.14 A, presumably as a consequence of the
difference in trans influence between a pyridine-type
nitrogen and a tertiary phosphine. Interestingly, when
compared to the three Pd—C(allyl) bond lengths in 6, 2.29-
(2), 2.17(2), and 2.25(2) A,1° the three Pd—C(allyl) bond
distances in 3a differ significantly only at the central
carbon, which, in 3a, is further away from the metal. The
P-Pd-P chelate angle, 95.8(1)°, is relatively large. The
literaturell12for coordinated BINAP ligands suggests that
ca. 90° would be expected, with the range being ca. 86—
93°.11 The allyl carbon—carbon separations, C(1)-C(2),
1.45(2) A,and C(2)-C(83),1.47(2) A, are as expected relative
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R.Inorg.Chem. 1988, 27,566. (c) Toriumi, K.; Ito, T.; Takaya, H.; Souchi
T.; Noyori, R. Acta Crystallogr. 1982, B38, 807.
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Table 2. Experimental Data for the X-ray Diffraction Study
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Table 3. Final Positional and Isotropic Equivalent

of 3a Displacement Parameters for 3a with Esd’s in Parentheses*
formula CssHq7F303P,PdS atom x y z B, A?
mol wt 1013.39
, Pd 0.76904(8)  0.07170(8)  0.851 2.88(2
g’ayt’a‘gﬁg:l“;s;gm ‘2"35 X0.2x0. P(1) 0.6241(3)  -0.1504(3)  0.84744(7) 3.00%8;
o o o agonal P(2) 0.6146(3) 0.1245(3)  0.86476(7)  3.22(8)
. ice ymu P (SNO 169) S 1.1324(5) 0.1005(5) 0.7536(1) 6.7(1)*
aP group " 1787(2-) F(1) 1.153(5) —0.038(5) 0.723(1) 32(2)*
& 59,63(1) F(2) 1.071(4) —0.150(4) 0.7540(7)  24(1)*
5% 1790) F(3) 0.964(5) ~0.090(3) 0.7347(8)  27(2)*
J4 J 88; }gg;g; 0.068(2) 0.7724(4)  10.8(6)*
} . 0.177(3) 0.7636(6)  15.7(9)*
ﬁ(?nl\c?) gem é:i?? 0(3) 1.143(2) 0.182(2) 0.7363(4) 11.08-
I acam IR O < v T
' C(2) 0.979(1) 0.189(1) 0.8396(3) 3403
Srangedog 256 <250 G o o osssO) 54
, : ! .964(1 394(1 0.8420(3) 3.7(4)
ot Y 5tans C(s)  1.002(1) 0.399(1)  08182(3)  3.9(4)
oax courtin fime ; g0 C(6) 1.120(1) 0.375(1) 0.8148(3) 3.5(4)
Pked ime ss ’ 0.5 & scan time cm 1.008(1) 0.223(1) 0.8154(3) 4.0(4)
oy agx scan specd, deg min-t  10.5 C(8) 0.915(1) 0.272(1) 0.8066(3) 4.1(4)
rescan rejection imit 0.50 (2.00) C®) 1.181(2) 04142)  0.7907(4) 3.5(5)
Drescan acoeptance limit 0.030 (33.30) C(10) -~ 1.230(2) 0.427(1)  08318(4)  5.4(3)
horiz receiving sit, mm 170 + tan 6 caty - 0462() - -0.183(1) - 0.8399(2) 2.5(2)"
vert cooeivin Esm L 40 Cc(112)  0.381(1) ~0.163(1) 0.8535(3) 3.1(2)*
it collgd ’ 12130 C(113)  0.258(1) -0.181(1) 0.8457(3) 3.2(3)*
chie omeh D ommG 0
e ol‘;"; ?g;"(’ii(";)’; 2804 C(116) 0423(1)  -0212(1) .  08168(3)  3.9(3)*
et ot oasseramy cumormn gl ommy  uor
no. of params refined (m) 34 C(119)  0019(2)  -0217(2)  08315(4)  S.5(4)*
P 0.070 C(120)  0.096(2) -0.230(2) 0.8167(4) 5.5(4)®
Ruc 0.085 ggm; 0.67121; -0.2238 0.8252(3) 3.1(3)*
v : 122)  0.631(1 -0.354(1 0.8248(3) 4.1(3)*
GOF¢ 1.998 C(123)  0.658(2)  —0.407(2)  08062(4)  5.1(4)*
@ Ry ® L{Fony = Fol/TiFoud. ¢ R = L(IFd = (L/K)F)/ZIFd). ¢ Ru Cc(124)  0.732(2) -0.326(2) 0.7891(4) 5.0(4)*
= [Lw([Fq—(1 /k)lFe!)’/ WF2]1/2, where w = [6%(Fo)]; o Fo) = [0(F?) C(125)  0.768(2) —-0.198(2) 0.7892(4) 5.6(4)*
+ fA(F,2)]1/2/2F,, with f =. ¢ GOF = [Lw(|Fo - (1/K)F)?/ (o~ m)]1/2. c(126)  0.739(1) —0.146(1) 0.8071(3) 4.1(3)*
c(131)  0.603(1) -0.242(1) 0.8724(3) 3.7(3)*
to the literature;5?8913 however, we note that the former C(132)  0.502(1) -0.373(1) 0.8750(3) 3.8(3)"
may be somewhat shorter than the latter (although the gggzz 8"5‘3883 ﬁ;‘;gg; g'g?ggﬁg :gg;‘
uncertainties are relatively large). Interestingly, the X-ray C(135) 0:673(2) —0:253(2) 0:9108(4) 6:3(5)1-
structure! for the related allyl bis(phosphine) cation C(136)  0.688(2) —0.183(2) 0.8900(4) 5.3(4)*
7 shows the same kind of difference, with the CH,-C ggig g-ifl)ggg 3?3%3 g-gg;ggg ;(3)8;:
o S o .
CH,-C =1392(6) A C215)  0462(1)  —0069(1)  09229(3)  4.3(3)*
[ ( ]" ? C(216)  0.525(1) 0.024(1) 0.9082(3) 3.9(3)*
C-CH =14220)A C217)  0.252(1) -0.359(1) 0.8875(3) 3.6(3)*
C(218)  0.194(1) —0.456(1) 0.9035(3) 4.1(3)*
7 C(219)  0.222(2) -0.428(2) 0.9264(4) 5.5(4)*
) ) i C(220)  0.309(1) -0.3102) 0.9320(3) 4.4(3)*
distance seemingly shorter than the C-CH bond. We will C(221)  0.694(1) 0.279(1) 0.8794(3) 3.0(3)*
return to this point in connection with the calculations. gg%g; 8-3228; g-gg;g; g.ggiégg ‘;ggg:
. The r_ela.tlve positions of the th_ree. allyl carbons are C224)  0840(2) 0.526(2) 0.8995(4) 5.5(4)*
lnterestmg. the CH2 allyl carbon is situated above, the C(225) 0.855(2) 0.422(2) 0.9069(4) 6.8(5)*
central allyl carbon below, and the CH allyl carbon almost C(226)  0.784(1) 0.298(1) 0.8965(3) 3.7(3)*
in the P-Pd-P plane, so that one can think of the allyl as 2833 g-igggg 8%2‘;8; 8-2‘5*328; 3283:
having rotated with respect to the coordination plane. This : - . .
is very similar to what we have observed® in the bipyridyl gggi; 8:;;28; g:} ggg; 8;3?22%2; 2:883:
complex 5, and the distances from these planes, in A, are C(235)  0.429(2) 0.133(2) 0.8085(3) 5.0(4)*
shown, schematically, for both complexes as follows: C(236)  0.517(1) 0.128(2) 0.8224(3) 4.5(3)*

H H H H
0.61(2) )@‘\0.17(1) 0.47(3)){.4&'\0.16(3)
H d H Pd

P
P/ \P N/ \N
3a 5

As the bipyridyl ligand is not sterically demanding, we
conclude that this rotation is electronic in origin and is a

aStarred B values are for atoms that were refined isotropically.
Anisotropically refined atoms are given in the form of the isotropic
equivalent displacement parameter defined as (4/3)[a?8(1,1) + 528(2,2)
+ ¢28(3,3) + ab(cos v)8(1,2) + ac(cos 8)B(1,3) + be(cos @)B(2,3)].
& Atom labeled Cf is the carbon atom of the counterion.

characteristic of the 8-pinene allyl ligand. The plane
defined by C(1), C(2), C(3), and C(7) makes a relatively
large angle of ca. 117° with the P-Pd-P plane, with the
central carbon substituent pointing away from the pal-
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ladium. The analogous angle for 5 is ca. 113°, and for
simpler582.18 palladium-allyl complexes this angle can be
ca. 110-115°.

At this point it is interesting to compare aspects of the
X-ray data with our calculated solution structure. The
distances of the four ipso carbons of the Ph rings with
respect to the P-Pd-P plane are shown in the following
sketch:

0.60(1) 1.622)
[ ~~pd”~ +
145D 0.82(2)

Note that PA is trans to CH; and PB is trans to CH. The
numbers clearly define the pseudo-axial and pseudo-
equatorial rings so that one could easily imagine that there
would be (and we have found)™ selective NOE’s from the
ortho protons of the rings to the three allyl protons.
Indeed, if one places the allyl and ortho phenyl ring protons
in their “ideal” positions, then the X-ray data give the
following separations (A):

method
X-ray previous calculation®
HB~H* 2.88 2.96
HB,,-Hb 2.26 2.85
HA-He¢ 2.31 2.56

The previous estimation stems from our calculation.® One
mustremember that the anti protons Hb and H¢ are known
from a neutron diffraction study® on Ni(n3-C3Hs); as well
as from our earlier X-ray and NMR studies on related
complexes®? not to be in their idealized positions as placed
inthe X-ray estimation. These anti protons are bent back
out of the allyl plane, away from the metal, by ca. 30° so
that the X-ray estimation will be too short. In addition,
the observed P-Pd-P angle of ca. 96 is larger than the
92.3° result from the earlier AM1 calculation. This
difference will also contribute to the observed discrepancy
in the above numbers since opening the angle brings all
four Ph groups closer to the allyl ligand. Given these
factors, we are pleased that both methods clearly show
that the ortho protons of the phenyl rings indeed approach
the allyl protons in a selective and predictable way.

Before closing this section, we note that, on the basis
of the structures for 3a and 5, the allyl out-of-plane rotation
iselectronicin origin but that the opening of the interplane
angle (ca. 117° in 3a vs ca. 113° in 8) may be due to steric
factors.

NMR Spectroscopy for [Pd(»3-C¢H,;5)(S,S-
CHIRAPHOS)](CF3SO0;3), 4. We have extended our
NMR studies to the CHIRAPHOS analogue 4, and as
usual, 1617 we start the NMR analysis with a 2-D 31P,1H-

(13) Ozawa, F.; Son, T.; Ebina, S.; Osakada, K.; Yamamoto, A.
Organometallics 1985,11,171. Hartley,F.R. The Chemistryof Platinum
and Palladium; Applied Science Publishers: London, 1973; p 430.

(14) Godleski, S. A.; Gundlach, K. B.; Ho, H. Y.; Keinen, E.; Frolow,
F. Organometallics 1984, 3, 21.

(15) Goddard, R.; Kruger, C.; Mark, F.; Stanfield, R.; Zhang, X.
Organometallics 1985, 4, 285.
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Figure 2. Section of the 3P,'H correlation showing the
selective correlation of HA,; and HA,; with PA and HB,, and
HB,; with PB, as well as the two correlations from He and H2
to PB and PA, respectively.

correlation. Since the trans 3J(P,H) spin—spin couplings
are usually larger than the cis analogs,!® a 2-D 81P,!H-
correlation accomplishes two goals: (a) the two 8'P spins
are assigned (Figure 2 shows two sections of this mea-
surement which demonstrate this point); (b) simulta-
neously, the ortho protons of the four phenyl rings are
associated with their corresponding phosphorus reso-
nances. The distinction between the pseudo-axial and
pseudo-equatorial phenyl rings can be made by a 2-D 'H-
NOESY measurement, which also allows us to complete
all the necessary proton assignments,

Having made these !H assignments (which are tabulated
in Table 4), we correlated the protons to their corre-
sponding carbons and show these 13C data in Table 5.
This !3C,'H measurement gives us the chemical shifts of
the terminal allyl carbons and also reveals that the ortho
carbon signals of the different axial phenyls are shifted
downfield with respect to the corresponding signals from
the equatorial phenyls; see Figure 3. This difference may
prove to be a useful empirical tool when assigning NMR
spectra of CHIRAPHOS complexes. As the electronic
effects due to coordination of the two phosphorus donors
should be the same for both axial and equatorial phenyls,
we presume that this deshielding is a local anisotropic
effect. For4,the terminalallyl CH and CH; signals appear
at 80.8 and 67.4 ppm, respectively, whereas these reso-
nances for the R-(+) and S-(-) BINAP analogues are at
86.4 and 74.5 ppm in 3a and 79.0 and 72.9 ppm in 3b,
respectively. If one accepts the empiricism!920 that
changes in the 13C shift are related to the donor capacity
of the trans ligand, then it would seem that there are
significant differences between these two chelating diphos-
phines. Fortherelated complex [Pd(%3-CioH;5) (MesPCHo-
CH;PMe,)1(CF380s3),% the terminal allyl carbons appear
at 77.4 (CH) and 61.8 ppm (CHy), both at rather high
field. These 3C results nicely demonstrate that, even

(16) Albinati, A.; Lianza, F.; Berger, H.; Pregosin, P. S.; Riegger, H.;
Kunz, R. W. Inorg. Chem. 1993, 32, 478,

(17) Leoni, P.; Pasquali, M.; Sommovigo, M.; Laschi, F.; Zanello, P.;
Albinati, A.; Lianza, F.; Pregosin, P. S.; Rtegger, H. Organometallics
1993, 12, 1702.

(18) Pregosin, P. S.; Kunz, R. W. NMR Basic Principles and Progress;
Diehl, D., Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1979; Vol.
186.

(19) Akermark, B.; Krakenberger, B.; Hansson S.; Vitagliano, A.
Organometallics 1987, 6, 620.

(20) Clark, H. C.; Hampden-Smith, M. J.; Ruegger, H. Organometallics
1988, 7, 2085 and references quoted therein.
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Table 4. 'H NMR Data for
[Pd(CoH;5)(2S5,3S-CHIRAPHOS)*CF3S05”
Ph

é "J(P,H)®

4.01 7.8
2.78 10.6
4.03 13.6
2.18

1.53

1.63

2.15

0.49

2.00

0.96

1.19

1.20 12.0
1.11 11.9
2.46

n 2.31

ortho protons

HA; 7.62

HA, 7.37 9.2
HB,, 7.30 10.6
HB, 7.50

4 § values (in ppm, relative to TMS) have been measured in CDCl3
at 297 K and at 500 MHz. ¢ Coupling constants in Hz.

Table 5. 13C and 2P NMR Data for
[Pd(CyoHys)(285,35-CHIRAPHOS)|*CF3S0;-

~

0 A0 o

2

oo

3

JH
I
. =J(P,C)®

CA 67.1 29.6 (trans), 6.2 (cis)
CcB 145.6 6.5 (trans), 6.5 (cis)
ce 80.7 29.5 (trans), 8.5 (cis)
Ccp 28.4
CE 39.1
CF 29.8
Co 47.1
CcH 379
C! 21.7
(o 25.7
CK 13.7 142(n=13),37(n=2)
cL 13.8 14.3(n=13),38(n=2)
cM 379 288(n=1),185(n=2)
CN 345 280(n=1),179(n=2)
ortho carbons

CA, 133.4 13.2

Cheq 1313 12.5

CB,, 135.2 13.0

CBy 129.4
PA 52.2 2J(PAPB) = 51.8
pB 51.8 2J(PAPB) = 51.8

4 Values in ppm, relative to TMS ['H, 13C] and H;PO, [*'P]) for
CDClI; solutions at 297 K and at 500 MHz. ® Coupling constants in Hz.

within arelated donor set, the bonding to the allyl carbons
can be quite different.

An analysis of the various cross-peaks from the NOESY
spectrum reveals several interesting features. One of the
two geminal methyl groups (that leaning toward the allyl
carbons) shows an NOE to H¢; see Figure 4. This is
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Figure 3. Section of the 13C,!H correlation spectrum (H
observation without decoupling of 13C) showing the different
ortho protons (HAq, HA,;, HB,, and HB,,) and their respective
carbons. The top four arrows show the C,H cross-peaks to
the equatorial carbons, and the bottom four arrows show the
cross-peaks to the axial carbons. Note that the axial ortho
carbons appear at relatively low field.
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Figure 4. Section of the 'H 2-D NOESY for 4, with
interactions to H* and Hb. The cross-peaks (from top to
bottom) arise from (a) the allyl proton He to the pinene methyl
CH3t, (b) He to H¥ (and, second from bottom, to Hd), (c) He
to Hs, and (d) both H* and He to H? (500 MHz, CDCly).

reasonable if H¢ is bent back away from the metal,
consistent with the proposed selective rehybridization of
allyl anti C-H bonds. Sinice H¢ is bent away from the Pd,
the NOE to Hd is greater than the NOE to H¥. We note
that the three 1J(13C,'H) values for the allyl protons are
167, 158, and 162 Hz, forHe, Hb, and H¢, respectively, with
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Figure 5. Section of the 'H 2-D NOESY for 4, with

interactions to the various ortho protons of the P-Ph rings
from the allyl (and other) protons (500 MHz, CDCly).

the syn proton value clearly larger than those for the anti
protons. The syn proton He shows a strong NOE to the
ortho ring protons of P8, but only a modest NOE to the
ortho ring protons of PB,,. Moreover, the anti proton HP
shows a moderate NOE to PB,, and a weak NOE to the
ortho ring protons of PA,; (see Figure 5). These obser-
vations would be consistent with an anticlockwise out-
of-plane rotation of the allyl, as shown in the following
sketch (with the Pd and the remaining allyl ligand atoms
omitted for clarity):

LS
O, -

However, this rotation is not supported by our calculations
(vide infra). There is also a strong NOE from the ortho
phenyl protons of PA,, to HY.

Both the ortho ring protons of PA,; and PB,; show strong
NOE’s to H but no NOE to Hf. These two strong NOE’s
arenot expected if the phenyl groups take up static pseudo-
axial and pesudoequatorial positions. For the complex
[Pd(#3-C1oH;5)(S-BINAP)1(CF3SO;3) there is only one
strong NOE from HB,, to H¥ suggesting that the array of
phenyl groups is different for these two complexes
(although they possess the same allyl). In addition, the
chemical shift of H” in the CHIRAPHOS analogue at §
= 0.46 is at much lower frequency (higher field) than that
found for Hf in [Pd(ﬂa-clon) (S-BINAP)] (CFsSOa), o=
1.20 (the analogous R-(+) BINAP complex has H at 1.66
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ppm). This shielding is most likely anisotropic in nature
and presumably stems from the close proximity of two
phenylrings to H”. The fact that both PA,; and PB,, show
strong NOE's to HY speaks against a large rotation of the
allyl ligand, since rotation would move H much closer to
one ring than to the other. We shall return to this point
and the question of the chiral array in the discussion on
the calculations. A direct comparison of cross-peaks for
(Pd(n3-CyoH;5)(S-BINAP)1(CF3S0s) and 4 is not reliable.
However, there are some marked differences; e.g. for Hb
there is a strong interaction to PByg in [Pd(n3-C1oH15)(S-
BINAP)I(CF3S03) but a modest to weak interaction with
the analogous proton in 4.

In summary, we find the same type of anti proton
rehybridization in our CHIRAPHOS complex as found in
other #3-C10H;5 complexes, supporting the contention that
these are electronic effects associated with the bonding of
the §-pinene allyl ligand to Pd(II). There are important
differences between 3a and 4, e.g. to H> and HY, suggesting
a different chiral array of the phenyl groups. There are
hints that the terminal allyl carbons do not lie in the
P-Pd-P plane, but the twist may be minimal.

Calculations. In order to refine our understanding of
the allyl ligand, we have carried out some semi-empirical
calculations (AM1 level) on three free allyl ligands. Table
6 shows calculated C—C separations for these model anionic
ligands, and we note that there is a tendency for the more
highly substituted C-C bond to be longer. Introduction
of a positive charge ca. 2.4 A from the three allyl carbons
(changing from model “c” to model “d”) does not change
the trend but lengthens both bonds slightly. These results
are in agreement with the crystallographic data, mentioned
above, and suggest an electronic (as opposed to a steric)
effect to be responsible for these bond length variations.

We have also carried out calculations for our complexes
based on MM2* 2! with the goal of predicting the solution
structure for 4; however, before discussing the lowest
energy structure for 4, we comment on a “calibration”. We
have calculated the structures for the known cationic
complexes 7,14 [Pd(n3-C3Hs)(PMe;s);1*,22 and [Pd(nd-
C3H;)(Biphemp)}* 23 using literature bond lengths and
angles asinput for MM2*, Comparison?8 with their known
solid-state structures gives good agreement, with the small
differences arising primarily from rotations of the P-Ph
groups about the P-C(ipso) bond. In the supplementary
material we give a list of calculated and observed bond
lengths and bond angles for these complexes. Conse-
quently, we are optimistic that our calculations will
qualitatively reflect the molecular structure. Indeed, in
Figure 6, we show our most recent calculated structure for
3a (with input data from our new structure) superimposed
on its solid-state structure and find relatively good
agreement between the two. The differences arise pri-
marily from rotations about the P-C(ipso) carbons;
however, in solution, we know that there is free rotation
about these P-C bonds, so that neither of these two can

(21) MM2* is the implementation of Macromodel: Mohamadi, F.;
Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Canfield, C.; Chang, G.;
Hendrikson, T.; Still W. C. J, Comp. Sci. 1990, 11, 440.

(22) Ozawa, F.; Son, T.; Ebina, S.; Osakada, K.; Yamamoto, A.
Organometallics 1992, 11, 171.

(23) Knierzinger, A.; Schoholzer, P. Helv. Chim. Acta 1992, 75, 1211.

(24) (a) This process is best carried out on a relatively large computer
screen where the two structures (X-ray and calculated) can be super-
imposed, thereby highlighting differences. (b) As with our results for 4,
the calculated structure is consistent with what one finds on the basis of
a Cambridge Database search.
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Table 6. Distances for Model Anionic Allyl Ligands*
anion
H H H H H H H
~— o3 e A? 12
Y H H™ST “CHy H” 3 T
H CHj
o B c d
d(1,2) 1.370 1.374 1.366 1.383
d(2,3) 1.370 1.386 1.394 1.489

@ Distances are in A. Allyl anion d is the same as ¢ except that a single positive charge has been introduced ca. 2.4 A from C(1)-C(3) to polarize

the system. The calculations reveal ca. 0.6 units of negative charge on each of the terminal allyl carbons and a small positive charge (ca. 0.04-0.10

units) on the central allyl carbon.

Figure 6. Comparison of the calculated (with bold lines)
and experimental solid-state structures for the cation of 3a.

be exactly correct. The calculated structure represents a
snapshot, and the X-ray result reflects the packing forces.
The structure for 3a shows marked equatorial and axial
character for the P-Ph rings.2#

Calculations for 4 reveal five different conformations
with relatively similar energies, and we show the lowest
energy structure in Figure 7. All five structures differ,
once again, primarily in the extent to which the Ph groups
are rotated about the P-C(ipso) bonds. All of these have
the two terminal allyl carbons roughly in the P-Pd-P
plane, and all of these clearly show that there are no marked
axial or equatorial phenyl substituents. This result is in
agreement with what one would expect for five-membered
chelate rings of the CHIRAPOS type, i.e., with a P-M-
P-C(sp®-C(sp?) ring, based on a Cambridge Database
search. Specifically, the placement of the phenyl sub-
stituents is very similar to what has been observed?® and
calculated?® in some rhodium(I) complexes of CHIRA-
PHOS. Given that the various structures are all within
ca. 3 kcal in energy, it seems presumptuous to speak of a
single solution structure. Analysis of the various inter-
ligand proton separations reveals the following: (a) There
are sufficiently close contacts in the two lowest energy
structures (which are ca. 1.5 kcal apart in energy) to explain
all of the observed strong NOE’s. (b) HY is never close to
PB,, and can approach PA,, to within ca. 3.5 A, so that a
modest NOE is reasonable. Consequently, astructure with
the terminal allyl carbons in the coordination plane can

(25) Ball, R. G.; Payne, N. C. Inorg. Chem. 1977, 16, 1137.
(26) Giovanetti, J. S.; Kelly, C. M.; Landis, C. R. J. Am. Chem. Soc.
1993, 115, 4040.

Figure 7. Calculated lowest energy structure for the cation
of 4.

be considered as being consistent with the NOE data. (c)
He is ca. 2.9 A from the proximate CH3" group and is bent
away from the allyl plane (the calculation suggests ca. 27°
in the BINAP complex). (d) Heis ca. 3.1 A from PB,,, and
we do observe a medium-strength NOE cross-peak for these
two spins.

A comparison of the calculated BINAP and CHIRA-
PHOS structures, in our Pd(II) complexes, suggests that
the phosphorus phenyl groups of the former bidentate
ligand intrude more into the sphere of the allyl ligand
than do those of the latter ligand.

In conclusion, our calculations clearly show differences
between the chiral arrays for our BINAP and CHIRA-
PHOS complexes and that these differences are supported
by the NMR spectroscopy. For 4 it is difficult to speak
of a single structure, but since the NMR reveals that
P-C(ipso) rotation is free, this is an expected result.

Catalytic Allylation. Given that we find different
chiral arrays for CHIRAPHOS and BINAP in our Pd(II)
complexes, we have considered the catalytic allylation
shown below:

0A
)\:/\ S CH(CO,Me),
r + NaCH(CO,Me) BRI )\/\
Ph Ph 2'Vi€)y RT, THE Pk Fh

For this reaction Auburn et al.** have reported an
enantiomeric excess of 22% starting from a preformed
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CHIRAPHOS allyl precursor. We have carried out the
same reaction, in CH;Cly, using the Pd(0) complex Pd,-
(dibenzylidene acetone)s and S-(-)-BINAP and find an
enantiomeric excess of ca. 90%, as determined by HPLC
with a chiral column (see Experimental Section). At this
point one should not overinterpret this result. However,
gsince we find a more pronounced axial, equatorial array
for BINAP than for CHIRAPHOS and we know there is
a larger P-Pd-P angle (ca 96°) in the BINAP complex 3a
relative to what one finds for the five-membered ring of
CHIRAPHOS, ca. 86°,10 it is reasonable to believe that
the phenyl rings in the BINAP analogue will be pushed
forward toward the allyl, producing a more crowded and
perhaps more selective chiral pocket. We do not have
enough examples to generalize but are encouraged to think
that our structural results are reflected in the catalytic
chemistry.

Experimental Section

The ligands S,S-CHIRAPHOS and S-BINAP were commer-
cially available. Complex 3a was prepared by us, previously.®®
The chloro-bridged dimer was prepared according to the liter-
ature.?” The NMR spectra were obtained from CDCl; solutions
using a Bruker AMX 500 spectrometer. Standard pulse sequences
were used for the NOESY,? 13C,'H,® and 31P,'H% spectra.
NOESY spectra were measured using 0.8- and 1.0-s mixing times.

Crystallography. Crystals of the BINAP complex suitable
for X-ray diffraction were obtained from a CHCls/hexane/ether
(3:3:1) solution and are air stable. However, these crystals,
obtained with great difficulty, were all twinned; nonetheless it
was eventually possible to find a crystal (fwhm of peaks in the
range 0.87-0.93° for 4.0 < § < 19.0°) in which the angular
separation of the peaks belonging to the two individuals was
wide enough to allow the indexing and the collection of the
intensities of only one of the two.

An Enraf-Nonius CAD4 diffractometer was used for the
screening of the crystals, for the unit cell and space group
determination, and for the data collection. Unit cell dimensions
were obtained by least squares fit of the 28 values of 25 high-
order reflections (9.2 < § < 19.0°) using the CAD4 centering
routines. Selected crystallographic and other relevant data are
listed in Table II.

Data were measured with variable scan speed to ensure
constant statistical precision on the collected intensities. Three
standard reflections were used to check the stability of the crystal
and of the experimental conditions and measured every 1 h; no
significant variation was detected. The orientation of the crystal
was checked by measuring three other reflections every 300
measurements.

A total of 12 130 reflections (in the quadrant +h,+k,+!) were
collected and after correction for Lorentz and polarization factors,
using the data reduction programs of the MOLEN crystallo-
graphic package® were averaged. A set of 250 reflections,
equivalent by symmetry, but differing by more than 54(I) were
rejected as possibly affected by the second individual of the twin,
thus leaving a set of 4207 independent reflections that were used
in the solution and refinement of the structure. The data were
corrected empirically for absorption using the program DIFABS
at a later stage.3? The standard deviations on intensities were
calculated in term of statistics alone, while those on F, were
calculated as reported in Table 2. The structure was solved by

(27) Trost, B. M.; Strege, P. E. J. Am. Chem. Soc. 1975, 97, 2534.

(28) Jeener, J.; Meler, B. H.; Bachmann, P.; Ernst, R. R J Chem.
Phys. 1979, 71, 4545
; 08(22)2885ummers,M F.; Marzilli, L. G.; Bax, A. J. Am. Chem. Soc. 1986,

(30) Sklener, V.; Miyashiro, H.; Zon, G.; Miles, H. T.; Bax, A. FEBS
Lett. 1986, 208, 94.

(31) MOLEN: Molecular Structure Solution Procedure. Enraf Nonius,
Delft, The Netherlands, 1990.

(32) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A 1983, 39, 159.
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a combination of direct and Fourier methods and refined by
full-matrix least squares. The function minimized was [Sw(|F,|
- 1/k|F)) with w = [(F,)]-!. No extinction correction was
deemed necessary.

Thescattering factors used, corrected for the real and imaginary
parts of the anomalous dispersion, were taken from the litera-
ture.® Anisotropic temperature factors were used for the
palladium, phosphorus, and the carbon atoms of the 8-pinene
ligand; all the others were treated isotropically. The triflate
counterion is, as often found, disordered; it proved impossible
to construct a model for this disorder, and only the strongest
peaks in the Fourier difference maps, corresponding to one
possible orientation, were retained and refined leading only to
an approximate geometry.

The contribution of the hydrogen atoms in their idealized
positions (C-H = 0.95 4, B = 5.0 A?) was taken into account but
not refined. Upon convergence (no parameter shift >0.24(p))
the final Fourier difference map showed only significant peaks
(<0.7 e A-3) around the disordered counterion. All calculations
were carried out by using the Enraf-Nonius MOLEN crystal-
lographic programs.’! The handedness of the crystal was tested
by refining the two enantiomorphs. The positional parameters
of the enantiomer giving the lower R, factor are listed in Table
3.

Preparation. [Pd(n*-C;oH;;s)(S,S-CHIRAPHOS)](CF,-
80,), 4, was prepared via addition of the chiral phosphine (22.7
mg, 0.053 mmol) to a solution of the chloro-bridged dimer (14.5
mg, 0.036 mmol) in 5 mL of methanol. Stirring for 10 min to
afford a clear yellow solution was followed by addition of Ag-
(CF3803) (16.5 mg, 0.056 mmol). The precipitate which results
was filtered through Celite and the filtrate concentrated. Dis-
solving in a minimum amount of CHCly and covering with a ca.
10-fold excess of ether gives a crystalline product which can be
washed with cold ether to afford 15.7 mg (53% ) of 4. Anal. Calc
for CggHsF3OsP.PdS (817.18): C,57.32; H,5.30. Found: C,56.95;
H, 5.76.

The catalytic experiment with S-BINAP was carried out as
described by von Matt et al.®

Calculations were carried out using MM2*, the MM2 imple-
mentation of the MacroModel V3.0. The parameters notavailable
were optimized using data from the literature and specifically
from the Cambridge database (CEKKOS, JOLZT, JUBVUX)
together with data from our structure of 3a. The resulting
agreement between calculated and experimental structures is
good (bond length < 0.05 A, mean bond angles < 1°). Parameters
are available as supplementary material upon request. For the
CHIRAPHOS complex, a conformational analysis including both
rotation of the phenyl rings and chelate conformation was carried
out, with 15 different conformations, all within 7 kcal, found.
The five energetically most favored structures have both chelate
methyl groups in equatorial positions (in keeping with the
observed 3J(P,CHj;) coupling constants, ca. 14 Hz, shown in Table
5). These five structures differ mainly in the arrangement of the
pheny! groups.
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