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Synthesis and crystal structure of cis-[Pd{Ph,PCH,C(O)Ph},]-
[BF,][B,F,]. Unexpected formation and first structural
characterisation of the heptafluorodiborate anion B,F,;~
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Abstract

The reaction of cis-[Pd{Ph,PCH=C(O)Ph},] (1) with HBF,/H,O instantly leads to the formation of the cationic
complex cis-[Pd{Ph,PCH,C(O)Ph},|[BF,],. When 1 was treated with commercial BF;-Et,O, containing HBF, as
an impurity, the related compound cis-[Pd{Ph,PCH,C(O)Ph},]{BF,][B.F,] (2) was formed. The structure of 2 was
determined by an X-ray diffraction study. The compound crystallizes in the orthorhombic system, P2,2,2, space
group, Z =4, cell dimensions: a = 16.474(4), b=19.007(5), c =12.932(4) A, V'=4049.3 A2, final R =0.030. The two
chelating phosphines define puckered five membered metallocycles characterised by PCH, carbon atoms lying
significantly out of the metal coordination plane (—0.617(7) 2 for C1 and +0.779(7) A for C21). This study
establishes the first structural data for the B,F,” anion: the value of the B—Fy;y.~B angle is 128.1(7)°. The
values of the B—Fyy4,. bond lengths (1.50(1) and 1.51(1) A) are significantly longer than the other B-F bonds
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(1.34-1.39 A).

Introduction

There is a current interest in complexes containing
unsymmetrical bidentate ligands combining a tertiary
phosphine moiety and a weak donor functionality [1].
In molecules where such ligands act as chelates, the
weak donor part may readily be displaced by incoming
substrates which may then undergo stoichiometric or
catalytic transformations at the metal center. Thus the
‘hemilabile’ ligand allows the storage of a potential
vacant site suitable for the activation of a reagent [2].
The chelate effect of these ligands may also confer
additional stability on catalyst precursors in the absence
of any other substrate. Furthermore, the use of dis-
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symmetric chelates — rather than symmetrical ones—
has often proved to be of advantage for subtle electronic
and steric control of the active metal centre [3].

In previous reports [4] we have described the synthesis
and characterisation of complexes containing chelating
phosphino—ketone ligands of the type Ph,PCH,C(O)R,
a ligand type combining a soft donor center (the trivalent
P atom) with a hard donor atom (the keto oxygen
atom). These ligands have previously been shown to
display hemilabile behaviour in some copper complexes
[4a].

Here we wish to report the molecular structure of
the cationic complex cis-[Pd{Ph,PCH,C(O)Ph},]-
|BF,][B,F;]. The preparation of the complex unex-
pectedly led to the formation of the B,F,” anion, a
fluoroborate structure which has not been reported to
date.

© 1992 - Elsevier Sequoia. All rights reserved
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Experimental

The preparation of the title complex was performed
using standard vacuum techniques. Dichloromethane
was distilled over P,Os and stored under dry nitrogen.
The BF;-Et,O solution was purchased from Aldrich
and used without any purification. The IR spectrum
was recorded on a FT-IR Bruker IFS-66 instrument.
The Raman spectrum was measured with a Coderg
PH1 spectrometer. The complexcis-[Pd{Ph,PCH=C(O)-
Ph},] (1) was prepared according to the method reported
previously [5].

Synthesis of cis-{Pd{Ph,PCH,C(O)Ph},][BF ,][B.F,]
(2)

A solution of commercial BF;-Et,O (3 ml) was added
to a solution of cis-[Pd{Ph,PCH=C(O)Ph},] (0.200 g,
0.23 mmol) in CH,Cl, (50 ml). The yellow solution
immediately turned pale yellow and after ¢. 3 h pale
yellow crystals precipitated (0.210 g, 0.20 mmol, 85%).
These crystals were suitable for X-ray diffraction anal-
ysis. Anal. Calc. for C,H;,BsF;O,P,Pd (M,=956.49):
C, 50.23; H, 3.58; Found: C, 49.86; H, 3.73%. Melting
point>220 °C. IR (KBr): 1554s (»(C=0)), 833ms
(B,F,7), 1064s, br (BF,”) cm~'. No NMR data are
available for this complex, due to its extremely low
solubility. The Raman spectrum of 2 shows two peaks
of weak intensity at 707 and 253 cm™'. These cannot
be attributed with certainty to B,F,” due to their
weakness and to peaks of the cation in the same region,
although they have been already tentatively assigned
to B,F,™ [12].

Crystallographic data collection and structure
determination of cis-[Pd{Ph,PCH,C(O)Ph},]-
[BF,J[B.F,] (2)

Suitable single crystals of 2 were obtained according
to the procedure described above. A single crystal of
approximate size 0.22X0.24X0.32 mm was cut from a
cluster and mounted on a rotation-free goniometer
head. A systematic search in reciprocal space using a
Philips PW 1100/16 automatic diffractometer showed
that crystals of 2 belong to the orthorhombic system.
Quantitative data was obtained at —100 °C by using
a locally-built gas flow device. All experimental pa-
rameters used are given in Table 1. The resulting data-
set was transferred to a VAX computer, and for all
subsequent calculations the Enraf-Nonius SDP/VAX
package was used [6] with the exception of a local data
reduction program. Three standard reflections me asured
every hour during the entire data collection period
showed no significant decay. The raw step-scan data
was converted to intensities using the Lehman-Larsen
method [7] and then corrected for Lorentz and po-
larisation factors. The structure was solved using the

TABLE 1. Crystal data and details of data collection

Molecular formula C4oH1B;F;O,P,Pd
Crystal system orthorhombic

a (A) 16.474(4)

b (A) 19.007(5)

c (@A) 12.932(4)

Space group P22,2,

v (A% 4049.3

D, (g em™?) 1.569

VA 4

Temperature (°C) —100

Diffractometer
Mode

Scan speed (° s71)
Scan width (°)

Philips PW 1100/16
6/286 flying step-scan
0.024

1.10+0.143 tg 0

Step width (°) 0.05

Crystal dimensions (mm) 0.220.24 x0.32

Radiation Cu Kea (graphite
monochromated)

Wavelength (A) 1.5418

Absorption coefficient (cm™!) 53.13

26 limits 6-102

No. unique reflections 2451

No. data with I>3o(]) 2317

Absorption min/max 0.87/1.28

R 0.030

R, 0.048

r 0.08

GOF 1.218

heavy atom method. After refinement of the heavy
atoms, a difference-Fourier map revealed maxima of
residual electronic density close to the positions expected
for hydrogen atoms; they were introduced in structure
factor calculations by their computed coordinates
(C-H=0.95 A) and isotropic temperature factors such
as BH)=1.3 B.,(C) A? but not refined. At this stage
empirical absorption corrections were applied using the
method of Walker and Stuart [8] since face indexation
was not possible under the cold gas stream.

Full least-squares refinements: o*(F*)=o¢* counts
+ (pI)>. A final difference map revealed no significant
maxima. The scattering factor coeflicients and anom-
alous dispersion coefficients were taken from ref. 9a
and b, respectively.

Results and discussion

Complex 2 was obtained by reaction of the bis-
phosphinoenolate 1 with an excess of commercial
BF,-Et,0 in CH,Cl,. The product precipitated as pale
yellow crystals within a few hours from the reaction
mixture. It is practically insoluble in common solvents
such as CH,Cl,, CHCl; and THF. The IR (KBr) spec-
trum of the complex shows a strong 1{C=0) band at
1554 cm ™', characteristic of a coordinated ketone group
[4b], and a strong absorption band at ¢. 1064 cm™*
due to BF,".
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Fig. 1. ORTEP plot of the cation cis-[Pd{Pb,PCH,C(O)Ph},]** showing the numbering scheme used. Ellipsoids are scaled to enclose

50% of the electronic density. Hydrogen atoms are omitted.

In order to confirm the accidental protonation
which occurred during this reaction, we checked, in a
separate experiment, that complex 1 may instantly be
protonated in THF by HBF,/H,0. This quantitatively
gave the soluble cationic complex cis-[Pd{Ph,P-
CH,C(O)Ph},][BF.], (3) which was compared with an
authentic sample [4b]. Compounds 2 and 3 present
quasi superimposable IR absorption bands in a large
part of the spectrum, in particular in the ketone region;
however an additional medium-strong absorption band
appears for 2 at 833 cm~' which may be assigned to

B,F,~ [10]*. The Raman spectrum of compound 2
exhibits diffusion peaks of weak intensity at 253 and
707 cm~'. Although these values are in accordance
with those reported earlier for B,F,~ [11, 12], they
could not be attributed with certainty because of the
presence in these regions of bands due to the cation.
The protonation which occurred by reacting commercial

*Note that the band at 833 cm™! is absent in the spectrum of
the isoelectronic [F;B(x-OH)BF;]~ anion, see ref. 10c.
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TABLE 2. Positional parameters and equivalent isotropic tem-
perature factors with their e.s.d.s

Atom x y z B (A?%»q
Pd 0.88037(3) 0.77489(2)  0.79899(4)  2.112(9)
P1 0.8999(1) 0.86705(9)  0.6969(1)  2.41(3)
P2 0.7475(1) 0.75730(9)  0.7831(1)  2.26(3)
F1 0.5532(4) 0.44532) 02791(4)  6.1(1)
F2 0.4924(3) 03599(3)  0.1958(6)  8.0(2)
F3 0.5275(4) 0.4591(3)  0.1125(4)  7.0(1)
F4 0.6213(3) 0.3800(3) 0.1639(4) 6.2(1)
F5 043103)  —0.0717(3)  0.6320(4)  5.4(1)
F6 0.5019(3) 0.0208(3)  0.5648(4)  5.2(1)
F7 0.4101(3) 0.0359(3)  0.7022(3)  4.7(1)
F8 0.5272(3)  —0.0224(3)  0.7316(3)  4.7(1)
F9 0.5765(3) 0.0995(2)  0.4648(3)  4.5(1)
FI0  0.4483(3) 0.1282(2)  0.5037(4)  4.8(1)
FI1  0.5445(4) 0.1291(3)  0.6294(4)  5.8(1)
o1 1.0074(2) 0.7793(2)  0.8118(4)  2.40(9)
02 0.8697(3) 0.6883(2)  0.8979(3)  2.20(8)
ci 0.9999(4) 0.8950(4)  0.7425(6)  2.7Q)
c2 1.0471(4) 0.8324(4)  0.7816(5)  2.4(1)
c3 0.8341(4) 0.9422(4)  07031(6)  2.8(1)
Cc4 0.7651(5) 0.9423(4)  0.6312(7)  4.6(2)
cs 0.7095(5) 0.9956(5)  0.6403(9)  5.8(2)
c6 0.7194(5) 1.0463(4)  0.7184(8)  5.6(2)
c7 0.7844(5) 1.0478(4)  0.7812(9)  5.5(2)
c8 0.8403(5) 0.9922(4)  0.774%(7)  43(2)
c9 0.9134(4) 0.8425(4)  05635(5)  3.02)
Cl0  09165(5) 0.7753(4)  05338(6)  3.7(2)
Cli  0.9281(5) 0.7565(4)  0.4295(6)  4.1(2)
Cl2  0.9380(5) 0.8081(5)  0.3576(6)  3.6(2)
CI3  0.9404(5) 0.8769(5)  0.3865(6)  4.5(2)
Cl4  0.9274(5) 0.8957(4)  0.4880(6)  4.1(2)
Cl5  1.1344(4) 0.8311(4)  0.7851(5)  3.0(1)
Cl6  1.1782(4) 0.8929(4)  0.7586(6)  3.2(2)
C17  1.2642(5) 0.8891(4)  0.7641(7)  4.6(2)
C18  1.3034(4) 0.8300(5)  0.7941(7)  4.4(2)
C19  1.2594(5) 0.7687(5)  0.8194(6)  4.1(2)
C20  1.1742(d) 0.7713(4)  0.8140(6)  3.3(2)
21 0.7453(4) 0.6638(3)  0.8178(6)  2.7(1)
C22  0.8108(4) 0.6476(3)  0.8933(5)  2.0(1)
C23  0.6987(4) 0.7673(8)  0.6599(5)  2.5(1)
Cc24  0.7279(4) 0.7256(4)  05754(5)  3.0(2)
25 0.6971(5) 0.7363(4)  0.4781(6)  3.7(2)
C26  0.6350(5) 0.7855(4)  0.4625(6)  4.1(2)
C27  0.6067(5) 0.8263(4)  0.5448(6)  4.0(2)
C28  0.6372(4) 0.8151(4)  0.6438(6)  2.8(1)
C29  0.6821(4) 0.8016(3)  0.8765(5)  2.2(1)
C30  0.7112(5) 0.8605(5)  0.9282(6)  4.4(2)
C31  0.6629(5) 0.8942(4)  1.00007)  4.7(2)
C32  0.5860(5) 0.8656(5)  1.0205(7)  4.7(2)
C33  0.5573(5) 0.8065(5)  0.9698(6)  4.4(2)
C34  0.6091(4) 0.7751(4)  0.8976(6)  3.5(2)
C35  0.8107(4) 0.5814(4)  09543(6)  2.9(2)
C36  0.8828(4) 0.5651(3)  1.0106(6)  3.0(1)
C37  0.8863(5) 0.5023(4)  1.0634(6)  3.4(2)
C38  0.8200(6) 0.4576(4)  1.0621(7)  4.9(2)
C39  0.7501(6) 0.4738(4)  1.0106(7)  4.9(2)
CA0  0.7487(5) 0.5357(4)  0.9533(6)  4.2(2)
Bl 0.5500(5) 0.4130(4)  0.1871(7)  2.9(2)
B2 0.4653(S)  —0.0108(6)  0.6614(7)  3.5(2)
B3 0.5177(6) 0.0971(5)  05417(7)  3.7(2)

B, = (413)[a*B(1,1) + b’B(2,2) + c?B(3,3) + ab(cos y)B(1,2)
+ac(cos B)B(1,3)+bc(cos a)B(2,3)].

TABLE 3. Selected bond lengths (A) and bond angles (°)

Bond lengths and angles in the cation

Pd-P1 2.217(2) Pd-P2 2.224(2)
Pd-0O1 2.102(4) Pd-02 2.092(4)
P1-C1 1.828(8) P2-C21 1.833(7)
P1-C3 1.794(7) P2-C29 1.825(7)
P1-C9 1.801(8) P2-C23 1.794(7)
Ci1-C2 1.51(2) C21-C22 1.49(1)

C2-01 1.264(9) C22-02 1.242(8)
P1-Pd-P2 101.92(7) 01-Pd-02 93.8(2)
P1-Pd-O1 82.6(1) P2-Pd-02 81.7(1)
Pd-P1-C1 99.7(2) Pd-pP2-C21 98.2(2)
P1-C1-C2 110.1(5) P2-C21-C22 110.4(5)
C1-C2-01 117.9(6) C21-C22-02 117.9(6)
C2-O1-Pd 121.4(4) C22-02-pPd 121.8(4)
01-C2-C15 119.5(7) 02-C22-C35 120.2(6)
Bond lengths and angles in the BF,” anion

B1-F1 1.34(1) B1-F2 1.39(1)

B1-F3 1.35(1) B1-F4 1.36(1)

F1-B1-F2 106.7(8) F1-B1-F3 110.3(7)
F1-B1-F4 111.8(7) F2-B1-F3 109.9(8)
F2-B1-F4 105.7(7) F3-B1-F4 112.2(8)
Bond lengths and angles in the B;F;~ anion

B2-F5 1.34(1) B2-F6 1.51(1)

B2-F7 1.38(1) B2-F8 1.38(1)

B3-F6 1.50(1) B3-F9 1.39(1)

B3-F10 1.38(1) B3-F11 1.36(1)

B2-B3 2.71(1)

F5-B2-F6 106.1(7) F5-B2-F7 112.8(8)
F5-B2-F8 111.1(8) F6-B2-F7 108.9(8)
F6-B2-F8 108.1(7) F7-B2-F8 109.8(7)
F6-B3-F9 107.1(7) F6-B3-F10 109.9(8)
F6-B3-F11 108.8(7) F9-B3-F10 108.0(7)
F9-B3-F11 110.8(8) F10-B3-F11 112.1(8)

Fig. 2. Partial view of cis-[Pd{Ph,PCH,C(O)Ph},]** showing the
puckering of the chelate rings.

BF; is likely to be due to small amounts of HBF,
present. This fast reaction is a further example of the
reactivity of transition metal enolates of type 1, a
property already illustrated by reactions with other
electrophilic reagents [13-15].

The structure of the cationic complex has been
determined by X-ray diffraction analysis and is shown
in Fig. 1. Final atomic parameters are reported in Table
2. Selected bond distances and angles are given in
Table 3. This molecular structure determination con-
firms that the two phosphine ligands occupy cis positions,



Fig. 3. ORTEP plot of the B,F;7| anion.

confirming that no cis—frans isomerisation has occurred.
The coordination environment of the palladium atom
is nearly planar, the maximum deviation out of the
P1P20102 plane being 0.050 A. The PI-Pd-P2 angle,
101.92(7)°) is significantly larger than that of the
01-Pd-02 angle (93.8(2)°) and reflects the steric re-
pulsion between the PPh, groups. The chelate rings
are not planar and the puckering (see Fig. 2) is likely
to be mainly due to the presence of a PCH,| group
which requires for this carbon atom an endocyclic angle
near 109 (actual value 110°)| Note that the two PCH,
carbon atoms are on each side of the metal plane, a
situation which obviously contributes to minimise the
steric repulsions between the PPh,| groups (the distances
of Cl and C21l to the P1-P2-01-02 plane] are —0.617(7)
and +0.779(7) A, respectively). The Pd-P distances
(Pd-P(1) = 2.217(2)] Pd-P(2) = 2.224(2) A) are com-
parable to those found in other palladium(II)} complexes
containing chelating P, 0 ligands [16]] The Pd-Ol dis-
tances (Pd-O(1) = 2.102(4) and Pd-O(2) = 2.092(4)| A)
are somewhat longer than the sum of the covalent radii
(2.01 Al[17]) and are comparable to Pd-Ol distances
found in Pd(IT) complexes containing labile oxygen
donor groups [15]. This suggests that the ketone group
may easily be displaced by competing substrates.
The structure of the B,F,™ anion, unreported to
date, is shown in Fig. 3. This anion is usually formed
when BF, is added to solutions of BF,7] in the presence
of bulky cations [10,12]*. A single fluorine atom forms
a bridge between two BF; fragments_ The structure is
bent, with a B-F,~B angle of 128.1(7)° (b= bridging).
This value contrasts with that deduced from some
theoretical considerations [20]] note however that it
compares well with that crystallographically determined
for the B-H,-B angle in B,H,7(127.2(20)°)[21]] The

*To the best of our knowledge, B,F;~ was first reported in
1965 [10a]] In several studies, this anion has been reported to
dissociate easily into BFyand BF,”] see for example refs. 18
and 19.
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geometry around each boron atom is a slightly distorted
tetrahedron (range of the F,-B-F| angles:
106.1(7)-109.9(8)°) with the six terminal (t) fluorine
atoms arranged in a pseudo staggered conformation.
As expected, the B-F,| distances (1.50(1) and 1.51(1)

o

A)| are significantly longer than the B-F, bond lengths
which fall in the range 1.34(1)-1.39(1) Al The latter
bond lengths are not significantly affected by the pres-
ence of a bridging fluorine atom (for comparison see
bond lengths of the BF, | counter anion, Table 3). It
is also interesting to note that the apex-sharing bi-
tetrahedral geometry of B,F, | related to that found
in B,H, ™| is also similar to that observed in oxol species
like [Mo,0O,]* [22]]
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