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Abstract

73-Benzyl palladium complexes have been prepared by insertion of styrene in the Pd—Me bond of the solvated cation
[L,PdMe(solv)]* (L, = chelating ligand). The 75> coordination of the benzyl ligand has been elucidated by X-ray structure
determination and NMR spectroscopy. NMR studies have shown that [(n3-R-a-benzylPdL,]* (R =Me or Et) undergo two
dynamic processes in solution: »3 — n' coordination of the benzyl group and ligand exchange of coordination sites. The TMEDA
and DIPY complexes undergo a rapid and reversible reaction with carbon monoxide to yield (R-a-benzylCO)PdL,CO]*.
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1. Introduction

Coordination of the benzyl group to a transition
metal may range from 7' to %° [1]. The »* bonding is
usually found in the late-transition-metal complexes
[2]. Preparative methods of these complexes include
protonation of coordinated styrene, styrene insertion
into a metal-hydrogen bond and oxidative addition of
benzyl halides followed by displacement of the coordi-
nating anion. Here we report that insertion of styrene
in the palladium methyl bond of coordinatively unsatu-
rated cationic species is a viable route to the prepara-
tion of n>-benzyl palladium complexes. The coordina-
tion mode of the benzyl group has been elucidated by
X-ray structure determination and NMR studies. Pre-
liminary data concerning the complexes and styrene-
carbon monoxide alternating copolymerization are also
presented.
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2, Results and discussion
2.1. Synthesis of the complexes

Insertion of styrene into the Pd—Me bond of the
solvated cation of complex 3 is a simple route to the
synthesis of n3-benzyl palladium complexes (Eq. (1)).

(Me2PdL,]+[H(EL 0, T [B{3,5-(CFy)aCeMs }4]'%
| 2 -

[LoPdMe(CHoCLL) ' (13,5 - (CF)aCeHs }4BT™
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4

@ L= TMEDA
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Complexes 3 are easily prepared in methylene chloride
by reaction of either [Me,PdATMEDA] [3] (1a,
TMEDA = N,N,N’,N'-tetramethylethylenediamine) or
[Me, PdDIPY] [3] (1b, DIPY = 2,2'-dipyridyl) with stoi-
chiometric amounts of tetrakis[3,5-bis(trifluoromethyl)-
phenyllboric acid (2). Preparation of 3 in acetonitrile
has been previously reported [4], as well as the use of
acid 2 to prepare soluble ionic compiexes with a non-
coordinating anion [5,6].

The protonation reaction of 1 was performed in
methylene chloride at —80°C in the presence of an
excess of styrene. On slowly raising the temperature
from —80°C to —30°C a quantitative insertion of
styrene in the Pd—Me bond takes place. Evaporation of
the solvent in high vacuum at —30°C gave an oily
residue which on scratching with a spatula yielded
complex 4 as a yellow brown powder. While complex
4a was obtained quantitatively, complex 4b was con-
taminated by large amounts of complex 6b (4b/6b =
1:1) (Eq. (2)).

4 52+ £ MeCH= CHP + [HPOLAICHECL) TTB13,5-(CFyaCet Lol
8

+
/’ H
(g
84+PhCHECHy ————» I Pdlg |[{3,54CF3)pCqHs 1481

s (2)
a Lp = TMEDA
b Ly = DIPY
¢ Lp= DPPP

Complex 6b is probably formed through styrene
insertion in a Pd hydride species 5 derived from 4b
through B-hydrogen elimination. Indeed, E-a-methyl-
styrene has been identified in the reaction medium,
which implies a stereoselective B-hydrogen elimination
from complex 4b. A quantitative transformation of 4b
into 6b is achieved by keeping the reaction mixture at
—10°C overnight. Transformation of 4a into 6a takes
place at 25-50°C in methylene chloride and in the
presence of an excess of styrene. Moreover, we have
found that the reaction time may change from sample
to sample, which suggests that the rate of B-hydrogen
elimination from 4a may be affected by impurities. It is
known that solutions of 2 are unstable at room temper-
ature, yielding [3,5-(CF;),CcH;];B [5]. We observed
reproducible reaction times (8 h) if methylene chloride
solutions of 4a (0.05 M) containing an excess of styrene
were warmed in presence of catalytic quantities of 2.
The reaction mechanism has not yet been investigated.

The TMEDA of 4a is easily displaced by 1,3-bis(di-
phenylphosphino)-propane (DPPP) in methylene chlo-
ride at room temperature to yield quantitatively 4c (Eq.

(3)).

Fig. 1. A drawing of the cation complex [(%>-syn-a-methylbenzyl)Pd-
(dipy)]* in complex (6b).

CHaCL
40 + OPPP — 22

Et

.

| PADPPP |[B13,5-(CFy),CqHyleT + TMEDA

4c
(3)
As with 4a, complex 6¢c and E-a-methylstyrene were
obtained on warming chloroform solutions of 4c¢ in

presence of an excess of styrene and catalytic amounts
of 2 (Eq. (2)).

2.2. X-ray structure determination of [(n’-syn-a-methyl-
benzyl)Pd(dipy)] * [B{3,5-(CF,),C4H,},] ~ (6b)

Fig. 1 shows a drawing of the complex cation [(n>-
syn-a-methylbenzyl)Pd(dipy)]*. Selected bond dis-
tances and angles are collected in Table 1. As reported
in the Experimental Section, the structure is affected
by disorder mainly at the CF; groups of the anion,
which reduces the overall quality of the crystallo-
graphic results. Nevertheless some features of chemical

Table 1
Selected bond distances (A) and angles (°) of [(n3-syn-a-methylben-
zyDPd(dipy)]™ (6b)

Pd-N(1) 2.06(1) = CD-CU12) 1.45(2)
Pd-N(2) 2.12(1) C(13)-C(14) 1.15(4)
Pd-C(12) 2.28(2)  C(1H-C(15) 1.33(4)
Pd-C(17) 2.08(2)  C(15)-C(16) 1.40(4)
Pd-C(11) 2.13(1) can-camn 1.40(3)
C(12)-C(13) 1.46(3)  C(11)-CQ6) 1.35(3)
C(17)-C(18) 1.25(3)

N(1)-Pd-N(2) 77.2(5) N(1)-Pd-C(11) 142.7(6)
N(1)-Pd-C(12) 167.4(7) N(1)-Pd-C(17) 107.2(6)
N(2)-Pd-C(11) 136.8(6) N(2)-Pd-((12) 107.8(6)
N(2)-Pd-C(17) 174.9(6) C(11)-Pd-C(12) 38.3(7)

C(11)-Pd-C(7) 38.8(7)
C(12)-Pd-C(17)  116(2)

C(12)-Pd-C(17) 67.1(7)
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significance are worth discussing. The structure is simi-
lar to that of a Pt analogue, [(n>-anti-1MeCHC (H ,Br)-
Pt(Bu, P(CH,),PBu’,)]*[BF,]~ [2], in which the L,Pt
fragment is n>-coordinated to the benzyl. The main
difference in our case is the syn arrangement of the
methyl group. The 2,2’-dipyridyl is affected by a minor
torsion (ca. 7°) about the bond connecting the two
six-membered rings and the coordination about the
metal atom is essentially planar if the central allyl C,
atom (C11) is neglected. Indeed the inclination of the
C3 plane (atoms C12, C11 and C17) to the square
coordination plane at the metal is ca. 107°, close to the
110° value typical of 5 allyl Pd and Pt complexes. In
the case of normal allyl ligands, the 110° bending of the
C3 plane allows the M~C_ distance to match the two
M-C, ones (C, are the termmal atoms) In the present
case, the Pd-C12 distance of 2.28(2) A (C12 is the C,
atom belonging to the C6 ring) is significantly longer
than the other Pd-C_ and Pd-C, bonds of 2.13(1) and
2.08(2) A, respectlvely The weak link between Pd and
the aryl carbon atoms are probably imposed by the
inability of the benzyl to deform from overall planarity.

In a previous paper [7], we pointed out that the
interactions between frontier allyl and metal orbitals
are improved by the loss of planarity of the allyl upon
n>-coordination. This feature, already noted and quan-
tified by other authors [8], was expressed by us in terms
of a complex reorientation of the terminal C H, groups
with respect to the coordinated C3 plane. Moreover
the C_H link is bent toward the metal by ca. 15°. Since
in the present case, two allyl substituents (at one C,
and at the C_ atoms, respectively) are part of the rigid
aromatic ring, the deformation capability of the allyl
itself is strongly reduced. Only the exocyclic C,HMe
group (centred at C17) is flexible enough, and reorients
to maximize the overlap between the carbon ¢-hybrid
and the appropriate metal orbital. The same cannot
occur at C12 while the C11-C16 link is bent toward
the metal by only 8°. The lasi gross structural features
imply that for the Pd-C bond strengths decrease in the
order Pd-C17 > Pd-C11 > Pd-C12.

2.3. NMR characterization

The 1D and 2D spectra of complexes 4 and 6 were
obtained to elucidate structure and dynamics in solu-
tion. The C spectra were assigned by heteronuclear
inverse correlation 2D experiments. Homonuclear
COSY experiments and in some cases 1D spectrum
simulation provided full assignment of the 'H spectra.
From the values of the J scalar couplings and from the
intensity of the cross peaks in 2D-NOESY spectra it
was possible to infer the conformational structures in
solution and to detect the exchange processes. The
2D-NOESY spectra were measured in the phase-sensi-
tive mode in order to discriminate between positive

Table 2
NMR parameters of complex 6b »°

Positon  'H(8) “C(5) Jyyu(Ho)
number ¢
1 865 15137 J,,=536;J,3=127;J,,=1.07
2 748 12772 J,3=597;7,,=299
3 789 14039 J,,=8.00
4 791 122.67
S 154.76
6 153.19
7 780 12228  J,5=8.08; J,4=143; J; o =1.00
8 777 14023 Jgo=77.46; Jg, =162
9 729 12727 Jg0=525
10 7.83 148.69
11 - 118.24
12 6.25 9820 Jyp13=6.93; Jip 0 =11
13 755 13656 Jy3,4=7.66
14 783 13147 Jyu5=745Ji46=11
15 757 13418  Ji506=796
16 7.31 113.52
17 3.55 5672 Ji715=68
18 1.30 14.43

? Solvent, CDCly ®[(3,5(CF3),C¢Ha), )~ (6): TH, 7.62 (ortho H),
7.40 (para H); ! C 117.5 (para C), 124.5 (q, CF;, Jo = 268 Hz),
129.2 (q, meta C, Jop = 27 Ha), 135, 0 (ortho C), 1615 (q, ipso C,
Jcg = 50); © atom labelling as in Fig. 1.

and negative cross peaks, i.e. same sign and opposite
sign relative to the diagonal peaks. It is known that in
extreme narrowing conditions the positive peaks are
due to transfer of magnetization through chemical ex-
change (ECSY correlation) whereas negative peaks are
due to transfer through dipolar interaction (NOESY
correlation). In addition, it has to be pointed out that if
a nucleus A is dipolar coupled to a nucleus B which in
turn is chemically exchanging with a third nucleus C
one can expect an indirect NOE effect between A and
C besides the direct NOE effect between A and B i.e.
magnetization is first transferred from A to B via
physical coupling and then from B to C via chemical
coupling [9,10].

2.4. [(n’-syn-a-methylbenzyl)Pd(dipy)] * [B{3,5-(CF,),
CsH;}, ]~ (6b)

The NMR parameters are listed in Table 2. The
average line width of resonances H12, H13, H15, and
H16, is ca. 4 Hz. Such a relatively large value may be
attributed to magnetic site exchange, slow on the
chemicalshift timescale. Accordingly the 2D-NOESY
spectrum (Fig. 2) has positive cross peaks H12/H16.
Cross peaks H13/H15 are not observed owing to the
extremely small chemical shift difference between these
protons. An additional chemical exchange process is
indicated by positive cross peaks H1 /H10, H2 /H9 and
H3 /HS.

The essential information of the NOESY negative
correlations are summarized in Fig. 3, which contains
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Fig. 2. 2D-NOESY spectrum of 6b. Positive cross peaks.

the 1D spectrum compared with three columns of the
2D plot corresponding to the three well-resolved ben-
zyl signals H12, H17, and Me18. The NOESY negative
cross peaks between H12, H17, Mel8 of the benzyl and
H1, H10 of the bipyridyl protons can be used to define
the arrangement of the ligands around the metal, em-
ploying the reporter ligand concept introduced by
Pregosin [11-13]. The first column shows a cross peak
H12 /H10, suggesting that H12 and H10 interact across
the metal. The strong correlation H12/H17 is due to
the anti-anti allylic interaction. The H12 /Mel8 corre-
lation may be attributed to indirect NOE, in the sense
that Mel8 transfers magnetization to H16 which in
turn exchanges magnetic site with H12. The second
portion of the 2D map shows the reporter cross peak
H17/H1. The H17/Mel8 and H17/H12 cross peaks
are expected to be direct NOEs whereas the H17 /H16
cross peak is again an indirect NOE, i.e. dipolar cou-
pling between H12 and H17 in addition to chemical
coupling between H12 and H16. Finally, in the third
column cross peaks Mel8 /H1, Me18 /H16, Mel8 /H17
are direct NOEs confirming the proximity of Mel8, to
H1, H16 and H17. Cross peak Mel8/HI12 is a trans-
ferred NOE due to H12/H16 chemical exchange, as
discussed above. In conclusion, the above analysis of
NMR data suggests that the structure of 6b in solution

is similar to the crystal structure and that dynamic
equilibria are operative.

The NOESY exchange pattern may be rationalized
on the basis of the following dynamic processes
(Scheme 1).

(1) n*n' equilibrium of the coordinated benzyl
group and simultaneous rotation of the benzyl group
around the C11-C17 bond (Scheme 1, C,-C,,).

(2) Exchange of the coordinated sites of the 2,2'-di-
pyridyl. The n'-intermediate very likely has a T shape
and allows exchange of the ortho protons H12/H16
(Scheme 1, H,,/H ) by 180° rotation around the Cl11-
C17 bond, leaving the 2,2’-dipyridyl in place. The coor-
dination site exchange may take place through 180°
rotation of a Y shape intermediate around the Pd-C
bond a result there is H1 /H10, H2 /H9, H3/HS8 ex-
change. In principle this exchange may also occur
through ligand dissociation, but the results obtained
with the TMEDA complex 4a (vide infra) are consis-
tent with the formation of a Y intermediate.

The rate constant k can be estimated from the ratio
of the NOESY cross-peak intensity relative to that of
the diagonal peak using the relation:

Idiag . I_kT
I Tkt

Cross

where 7 is the mixing time [9]. Rotation around the
C11-C17 bond seems slightly more favoured (k =9.5

Hyo Hy7 Me,g
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Fig. 3. 2D-NOESY spectrum of 6b. Relevant negative cross peaks.
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Scheme 1.

s™1, AG* =68 + 1 kJ mol ™!, 7= 298 K) than the rota-
tion around the C17-Pd bond (k=03 s™!, AG* =77
+1 kJ mol ™!, T=298 K). This is consistent with the
slightly lower energy of the T intermediate with respect
to the Y intermediate proposed by Hoffmann and
coworkers [14,15].

2.5. [(m’-syn-a-ethylbenzyl) PATMEDA] * [B(3,5-(CF;)
CsH;),] = (4a)

The spectral parameters are reported in Table 3,
the atom labelling in Fig. 4. The methyl resonances of
TMEDA were assigned on the basis of NOE correla-
tions. Mel and Me6 have dipolar coupling with H17
and H12, respectively. Therefore Mel, Me6, H17 and
H12 are on the same side of the coordination plane.
Accordingly Me5S and Me2 show dipolar coupling with
H13 and H18, respectively, which places Me5, Me2,
H13 and H18 on the other side of the coordination
plane.

The analysis of the four-spin system of the
NCH,CH ;N fragment results in four vicinal coupling
constants two of the gauche type and two of the anti
type. The H, resonance was assigned using the NOE
coupling with Mel and Me6; the remaining resonances
were assigned from the coupling pattern resulting from
the spectrum simulation. These observations are con-
sistent with a conformational equilibrium of the frag-
ment as sketched in the Newman projections Al and

Table 3
NMR parameters of complex 4a 2P

Position TH(s) Bos) Jy,u(Hz)
number °©
1 2.73 5222
2 2.46 49.52
3a 2.30 J3a,30 = —13.8;, J3, 4, =53
61.42
3b 2.55 T3p,.4a =10.0; J3p, 4, = 3.6
4a 2.19
4 58.84
4b 2.18
5 1.86 48.1
6 2.13 48.1
11 - 117.35
12 6.04 1197 Jp13=68, Jipa=11
13 7.32 13398 Jiy=72
14 7.66 13070 Jyuy5=78, Jya16=1.1
15 7.38 13348 Ji56=79
16 6.92 109.41
17 3.08 6252 Jyp1ga=110; Ji7 4, = 45
18a 1.57 Tigange = —14.7
18 22.80
18b 1.48
19 1.08 1404 Jyg3=175

# Solvent, CDCl;; 5 anion parameters as reported in Table 2; ¢ atom
labelling as in Fig, 4.

A2 of Fig. 5. The experimental values of the coupling
constants Jga, 4 and Jg,_,,, are rationalized as the
weighted average of the individual couplings of fast
exchanging conformers Al and A2 as follows:

i+ (1=-x)J;=Jgp_4a
o+ (1-x)J, =J3a_am)

where x is the molar fraction of conformer A1l and the
constants J, and J, can be estimated from empirical
rules to be 12.81 ¢ 1.73 Hz, respectively [16]. The two
above relations afford the values 0.69 and 0.67 for x.
This compares with an analogous feature for a TMEDA
Pt complex [17]. The staggered conformation of the

Fig. 4. A drawing of the cation [(n>-syn-a-ethyllbenzy)PATMEDA]*+
in complex (4a).
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Fig. 5. (A) conformations of the 4a PATMEDA ring. (B) orientations
of the methylene hydrogens of 4a ethyl group.

NCH,CH,N fragment, consequent upon puckering of
the five-membered PANCH ,CH, N ring, has been pre-
viously observed in several X-ray structures [3,18]. Fi-
nally, inspection of the spectral parameters of the

Hig Hy2

By B

6.5

—7.5

J L_pom

om 7.5 7.0 6.9 6.0

CH,CH ,-benzyl fragment shows that the two di-
astereotopic methylene hydrogen atoms have markedly
different vicinal coupling with H17, i.e. 4.5 and 11.0 Hz
typical of a gauche and anti relationship respectively.
This observation suggests that conformation B1 which
shows two gauche relations is present in very low
concentration and leaves B2 and B3 as predominant
conformations (Fig. 5). Analogously to the spectrum of
complex 6b the 2D-NOESY spectrum shows positive
cross peaks H12/H16 due to phenyl-ring rotation in
the n' T intermediate and cross peaks Mel-MeS,
Me2-Me6 (Fig. 6). The pairwise methyl exchange pat-
tern of the TMEDA rules out the possibility of a ligand
dissociation as it should produce random methyl ex-
change and suggests the rotation around the Pd-C
bond in the i Y intermediate (Scheme 1) as the most
likely mechanism. The exchange rate constants at 298°C
are 9.5 s~ ! and 0.1 s, respectively, for ortho hydro-
gens and TMEDA methyl exchange. Therefore 4a has
the same free energy barrier for exchange of the ortho
protons as 6b (68 + 1 kJ mol 1), which is slightly lower
than that observed for the coordination-site exchange
of the ligand (79 +1 kJ mol~!). This result is also
consistent with the slightly higher energy of the Y
intermediate with respect to the T intermediate.

Me, Mo, Me, Mes

3.0

ﬁ
ppa

T —r T
ocom 3o 25 20 15

Fig. 6. 2D-NOESY spectrum of 4a. Positive cross peaks.
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Additional information may be derived from the
2D-NOESY spectrum, the essential features of which
are collected in Fig. 7. The cross peak H12 /H17 is the
usual aenti-anti interaction. The H12 /H13 crosspeak is
the expected ortho interaction. The correlations
H12/H18, H12/Mel9 are of indirect type, that is,
transmitted through chemical exchange H12 /H16. The
pattern of column H16 is similar to that of column
H12, a consequence of the rotation of the phenyl ring
which exchanges the two sites. Mel and Me2 interact
differently with the diastereotoipic H18 protons.
Whereas H18a interacts only with Me2, H18b has
NOE contacts with both Mel and Me2 suggesting an
approximate equidistance from the methyl groups. The
assignment of H18a is further confirmed by its proxim-
ity to H12 as shown by the pertinent NOE cross peak
accompanied by the transferred NOE cross peak with
H16. Finally it can be noted that the dipolar interac-
tion of H17 with H18b is larger than that with H18a.
This rules out conformation B2 and leaves B3 (Fig. 5)
as the most probable conformation. Moreover confor-
mation B3 implies that H18b is much closer to the
metal than H18a. As a consequence the B-hydrogen
elimination (Eq. (2)) should occur through migration of

H

H18b to the Pd, which leaves H17 and H18a in a trans
relationship, consistent with the observed formation of
E-a-methylstyrene. In conclusion the NMR data indi-
cate that the orientation of the benzyl group in 4a
relative to the Pd coordination plane is similar to that
of 6b.

2.6. [(n’-syn-a-ethylbenzyl)PADPPP] * [B{3,5-(CF;),-
CsH;},]* (4c) and [(n’-syn-a-methylbenzyl)

An exchange of the benzyl group similar to that
observed for complexes 4a and 6b was monitored by
the positive NOESY cross peaks relative to the ortho
and meta protons of the phenyl ring. For both com-
plexes the measured intensity of the cross peaks gives
an exchange rate constant at room temperature similar
to that observed for complexes 4a and 6b, therefore k,
(Scheme 1) apparently does not depend on the particu-
lar ligand coordinated to the metal. On the other hand,
the process relative to the exchange of the coordina-
tion sites was not observed for 4¢ and 6¢ within the
limit of the sensitivity of the NOESY spectrum. An
unusual high barrier to T-Y equilibrium has also been

15 H
H H H 18
H13 16 12 17 ab
M°1° . . L
Hig ] ’ ’ “e
Meg - b )
Mee L L] . [
Meqg ; - ;
Me, 3 - -
»
H12-= » [} - :_6
;
F ' b F
» L
-8
F oom
LANLINS SN0 Sut SuL L SN N AN S SN SNL S T ﬁ—'v_'—"_v-r -—rvTrorr
ppm 7 6 ppa 3o pom

Fig. 7. 2D-NOESY spectrum of 4a. Relevant negative cross peaks.
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Fig. 8. Conformations of the PdADPPP ring in complexes 4¢ and 6c.

proposed by Spencer [19] for unsaturated ethyl (di-
phosphine)platinum cations.

The DPPP trimethylene fragment, which has the
same chemical shifts and J pattern in both 4¢ and 6c,
has been assigned through COSY experiments with
broad decoupling by *'P and spectrum simulation. The
values of the vicinal coupling constants can be inter-
preted on the basis of a fast exchange between two
chair conformations of the six-membered ring (Fig. 8).
The values of the coupling constants J,,=2.1 Hz,
J,5=20Hz, J,s=2.0Hz, J,4=2.0Hz and J, =24
Hz, correspond to an equilibrium average value J,, <
J.,- The observed low values, 2.0-2.5 Hz, as compared
to the expected 4 Hz value [16] for a gauche coupling,
suggest that the corresponding dihedral angle is smaller
than 60°, i.e. there is some distortion of the ideal chair
conformation [20]. The other two pairs of vicinal cou-
plings J, s =8.9 Hz and J, = 10.0 Hz on one side, and
J35=8.7 Hz and J,5=103 Hz on the other side
should correspond to the equilibrium average value
J,. = J.. which is estimated to be 8.8 Hz for a 1:1 ratio
of the two chair conformations [16). The observed
values are indeed of this order of magnitude; the
slightly higher values of two of them (10.0 and 10.3 Hz)
may be attributed to a small difference between the
molar fractions of the two chair conformations.

The *'P spectra of 4¢ and 6¢ are AB quartets with
very similar chemical shifts and J,p values (8 = 17 and
= 4, J = 74 Hz). The resonance at 17 § is assigned to
the phosphorus cis to the exocyclic benzyl carbon. The
assignment derives from the proton spectra measured
with selective decoupling of the phosphorus atoms.

The C spectra are consistent with the proposed
structures. The values of the chemical shifts compare
well with those reported by Spencer [2] for [(n°-
MeCHPh)PAL,]*BF; (L, = BuyP(CH,),PBu},
Bu!, P(CH,),PBu},, or Bu,P(CH,C,H,CH,PBu}), al-
though an anti stereochemistry has been proposed for
these complexes on the basis of the 'H-NMR chemical
shits.

2.7. Reaction with carbon monoxide
The TMEDA complex 4a reacts with carbon monox-

ide as shown by the “C-NMR spectrum of a
CDCl,/CH,Cl, (1:1) solution saturated with carbon

monoxide. As extensive decomposition to metallic pal-
ladium occurs on standing at room temperature, the
C data were collected at —30°C. The NMR data are
consistent with formation of complex 7a (Eq. (4)).

Ph{R)CHCO C:-I.'.
NV
EEREDZAN
vL

7

+

4a R =Et, Lp= TMEDA
8b R =Me, Lp=dipy

4

The values of the chemical shifts at 219.5 and 172.0
& assignable to the inserted and coordinated carbon
monoxide, respectively, compare with literature data
[4,21-23). Consistently the 'H-NMR spectrum (CDCl,,
25°C) shows a doublet of doublets at 6 =3.97 (J =5.7,
9.2 Hz) assignable to proton-COCHCH,- coupled
with diasteretopic CH, protons. The reaction with
carbon monoxide is reversible. Compound 4a is re-
formed on bubbling dinitrogen through the solution
previously saturated with carbon monoxide, and there-
fore compound 7a could not be isolated in a pure form.

The 2,2'-dipyridyl complex 6b also reacts with car-
bon monoxide according to Eq. (4). At room tempera-
ture the '"H NMR spectrum of a CDCl, solution satu-
rated with carbon monoxide showed a quartet at 4.39 5
(J = 6.7 Hz) assignable to —-COCH Me. However, in
contrast to the TMEDA case, formation of 7b is not
quantitative at room temperature as compound 6b is
still present (7b:6b =3:1). At —30°C compound 6b
disappears and only compound 7b is present. Again, as
observed for 7a, bubbling dinitrogen through the CDCl,
solution reforms compound 6b.

The phosphine complex 4¢ does not react with car-
bon monoxide under the reaction conditions under
which 4a and 6a react. This experimental fact is not
unprecedented. Insertion of CO in Pd-alkyl bond is
fast if a nitrogen ligand is coordinated to the metal,
slower in the case of a phosphorus ligand [24-27]

Preliminary results have shown that complex 6b is a
catalyst for copolymerization of CO and styrene to a
syndiotactic polymer in either methanol or methylene
chloride, which is expected in the light of a recent
paper by Brookhart [4].

Complex 4a has a different reactivity. In methanol it
reacts quantitatively with carbon monoxide to yield
methyl 2-phenyl butyrate and metallic palladium. Ef-
forts are under way to make the above reaction cat-
alytic, which would open a new route to 2-aryl alka-
noates.
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3. Conclusions

n3-Benzyl Pd complexes may be prepared by reac-
tion of [Me,PdL,] (L,=TMEDA, DIPY) with te-
trakis(3,5-bis(trifluoromethyl)phenyl)boric acid in pres-
ence of styrene. The TMEDA in the resulting 13-syn-
a-ethylbenzyl complex is easily displaced by a chelating
phosphorus ligand such as DPPP. Such reactions should
allow us to modulate the reactivity of the n>-benzyl
complex. Indeed we have now shown that the DIPY
complex 6b is a very active catalyst for the syndiotactic
copolymerization of styrene and carbon monoxide at
low carbon monoxide pressure and at low tempera-
tures. The X-ray structure determination of complex
6b has proved that the m3-benzylic coordination is
similar to that in other structures reported [3]. Finally a
detailed NMR investigation has shown that the n3-n!
equilibrium of the coordinated benzyl group proceeds
through a T-intermediate, and has offered a rationale
for the stereospecific B-hydrogen elimination of E-1-
methylstyrene from complexes 4.

4. Experimental section
4.1. NMR measurements

High resolution NMR spectra were obtained on an
AMX 400 MHz Bruker spectrometer equipped with a
5 mm multinuclear probe head for 'H detection and
inverse or direct detection of heteronuclei and pro-
vided with temperature control of the sample. The
following typical acquisition and processing parameters
were used.

q spectra

Pulse width 6.5 us for 90° spectral width 4000 Hz;
data points 32 Kw zero filled to 64 Kw; relaxation delay
S s; before Fourier transformation, time domain data
were either sensitivity-enhanced by exponential multi-
plication in the case of accurate intensity measure-
ments or resolution-enhanced by Lorentzian to Gauss-
ian multiplication in the case of accurate multiplet
analysis.

Be spectra

Pulse width 11 us for 90° spectral width 20000 Hz;
data points 64 Kw zero filled to 131 Kw; relaxation
delay 2 s; before Fourier transformation time-domain
data were sensitivity-enhanced by exponential multipli-
cation.

ip spectra
Pulse width 12 us for 90°; spectral width 20000 Hz;
data points 64 Kw zero filled to 131 Kw; relaxation

delay 2 s; sensitivity enhancement by exponential mul-
tiplication.

2D-COSY spectra

Data table 1 Kw X256 w, zero filied to 1 Kw;
number of scans 16; dummy scans 4; relaxation delay 4
s; spectra acquired in second dimension in the phase
sensitive mode TPPI, with doubler quantum fiiter; be-
fore Fourier transformation, time-domain data were
multiplied in both dimensions by squared cosine win-
dow for sensitivity enhancement and apodization.

2D-NOESY spectra

Data table 1 Kw X 512 w, zerofilled to 1 Kw X 1 Kw;
number of scans 32; dummy scans 4; relaxation delay
4s, mixing time 1 s for NOE and 10-50 ms for ex-
change; spectra acquired in second dimension in the
phase-sensitive mode TPPI; squared cosine window;
after phase correction the frequency domain specira
base line was smoothed in both dimension by polyno-
mial correction.

2D 'H-BC inverse correlation

Pulse program: HMQC with BIRD saturation and
GARP “°C decoupling. Data table 1 Kw X 512 w, zero-
filled to 1 Kw x 1 Kw; number of scans 64; dummy
scans 16; relaxation delay 4 s; TPPI mode; square
cosine window.

The measurements were performed on oxygen-free
solutions in tubes sealed under vacuum. Similarly, the
experiments with carbon monoxide-saturated solutions
were performed in sealed tubes. CDCl, was purified by
passage through a short column of neutral Al,O,.

4.2. Synthesis of the complexes

All the preparations were performed under dinitro-
gen. The solvents were dried by standard methods. The
chemicals were Aldrich products. Styrene was distilled
prior to use. H[B(3,5-(CF;),CcH,),]- 2Et,O was pre-
pared according to Ref. [5], [Me,PdTMEDA] and
[Me,PdDIPY] according to Ref. [3].

[(n’-syn-a-ethylbenzyl) PATMEDA] * [B{3,5-(CF;),-
CsH;}, ]~ (4a)

Styrene (2.08 g, 20 mmol) was added to
[Me,PATMEDA] (0.247 g, 0.98 mmol) dissolved in
methylene chloride (6 ml). The resulting solution was
magnetically stirred and cooled at —80°C. A cold
methylene chloride (—80°C) solution of HIB(3,5-
(CF;),C¢H )] 2Et,0 (1.00 g, 0.98 mmol) in methy-
lene chloride (6 ml) was slowly siphoned into. The
temperature was slowly raised (2 h) to —35°C. The
solvent was then evaporated at reduced pressure keep-
ing the temperature not higher than —30°C. The re-
sulting orange oil was washed with hexane to yield 4a
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quantitatively as a yellow orange powder on scratching
with a spatula. Analytically pure and crystalline sam-
ples can be obtained by slow diffusion at —30°C of
hexane into a methylene chloride solution of 4a. Analy-
sis, caled for C,;H;,BF,,N,Pd: C 46.85; H 3.26; N
2.32; found: C 46.69; H 3.39; N 2.42%.

[(n’-syn-a-methylbenzyl) PATMEDA] * [B{3,5-(CF;) -
CsH3},]~ (6a)

Complex 4a (0.102 g, 0.085 mmol), styrene (0.208 g,
2 mmol) and H[B(3,5-(CF;),C4H,},]1- 2Et,0 (0.005 mg,
0.005 mmol) were dissolved in methylene chloride. The
solution was kept in a tightly closed Schlenk tube at
55°C for 8 h. Small quantities of metallic palladium
formed, which were separated by siphoning out the
solution. The yellow—orange solution was concentrated
(1 ml) and layered with hexane. At —30°C yellow—
orange crystals (0.080 mg) of 6a separated out. Analy-
sis, caled for C,H;,BF,,N,Pd: C 46.39; H 3.12; N
2.35; found C 46.52; H 3.20; N 2.44%.

'H-NMR (CDCl,, 8): 1.10 (d, J = 6.7 Hz, 3H, Me);
1.88, 2.33, 2.51, 2.85 (s, 12H, N-Me); 2.2 + 2.8 (m, 4H,
—NCH,CH,N-); 3.14 (q, J = 6.7 Hz, 1H, H1); 5.96 (d,
J=17.0 Hz, 1H, H3); 7.15 (d, J = 8.3 Hz, 1H, H7); 7.44
(m, 2H, H6, H4); 7.7 (overlapping with anion reso-
nances, H5).

[(n?-syn-a-methylbenzyl) Pd(dipy)] * [B{3,5-(CF;)
CsHs},]~ (6b)

A cold (—80°C) methylene chloride solution (5 ml)
of H[B{3,5-(CF,),C4H},]- 2Et,O (0.425 g, 0.42 mmol)
was added slowly to a cooled (—80°C) and magneti-
cally stirred methylene chloride solution (4 ml) of
[Me,PdDIPY] (0.125 g; 0.42 mmol) and styrene (0.874
g; 8.4 mmol). The temperature was slowly raised to
—10°C and kept overnight at that value. The reaction
mixture was filtered through celite. Evaporation of the
solvent left a yellow-brown oil which on scratching in
hexane with a spatula yielded 6b as a yellow powder
quantitatively. Analytically pure and crystalline sam-
ples can be obtained by slow diffusion at —30°C of
hexane into a methylene chloride solution of 6b. Anal-
ysis caled for CyH ,oBF,,N,Pd: C 48.79; H 2.37; found
C 46.93; H 2.44%.

[(n3-syn-a-ethylbenzyl)PADPPP] * [B{3,5-
(CF;),CsH3},] ~ (4c)

Ph,P(CH,),PPh, (0.027 g, 0.066 mmol) and 4a
(0.080 g, 0.066 mmol) were dissolved in methylene

chloride (1.5 ml). The resulting yellow solution was
kept at room temperature for 0.5 h and then layered
with hexane. 4c¢ was obtained as yellow crystalline
material (0.075 g) through slow diffusion of hexane at
—30°C. Analysis calcd for CiH oBF,,P,Pd: C 54.40;
H 3.29; found C 54.22; H 3.22%.

'H-NMR (CDCl,, 8, DPPP labelling as in Fig. 8):
0.64 (t, Jyy=71 Hz, 3H, Me), 0.98-1.42 (m, 2H,
CH,Me), 1.80-1.63 (m, J, ;=21 Hz, J,5=89 Hz,
J,5=20 Hz, J,4=100 Hz, J;5=87 Hz, J;5=20
Hz, J,5=24 Hz, J,4=10.3 Hz, J;= - 15.5 Hz, 2H,
CH,CH,CH,), 2.23-2.38-2.44-2.59 (J,;, = —15.0 Hz,
Jy4= —153 Hz, 4H, CH,CH,CH,), 342 (m, Jyy 4y =
11.4 Hz, J; ;= 4.8 Hz, Jyy» = 9.9 Hz, 1H, H1), 6.39 (t,
Jyyu="18Hz, Jy_p=7Hz, 1H, H3), 6.59 (m, Jy_;; =
1.5, Jy_p =7 Hz, 1H, H7), 6.83 (m, 1H, H5), 6.95 (m,
1H, H4), 7.06 (m, 1H, H6), 7.07 (m, 8H, o0-Ph), 7.25-7.50
(m, 12H, m, p-Ph); >'P-NMR (CDCl,, 8): 4.2 (d, Jp_p
=173 Hz), 17.2 (d, Jp_p = 73 Hz).

Table 4
Summary of crystal data for [(n>-syn-methylbenzyl)Pd(dipy)]*[B{3,5-
(CF;),CsHal ]~ (6b)

Formula CsoH,7BiF,,N,Pd

Mol. weight 1228.96

Crystal dimension, mm 0.1x0.15%0.15 mm?

Crystal system monoclinic

Space group P2, /c (No. 14)

a, A 13.823(3)

b, A 15.645(3)

A 24.515(9)

B, deg 104.10(2)

Vv, A 5141.91

VA 4

Poale> CM ™3 1.59

w(Cu-Ka), cm™! 40.13

Radiation graphite-monochromated
Cu-Ke, A=15418 A

Scan type w-20

26 range, deg 5-120

Scan width, deg 1.2+0.34(tan 6)

Scan speeds, deg s~ ! 0.04-0.08

Total data 8189

Unique data, > 3(c) 4521

No. of refined parameters 516

R 0.098

R, 0.110
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Table 5 Table 5 (continued)
Atomic cqordinates and thermal pafameters of [(n3-syn-a-methyl- Atom . y 2 Uor U,
benzylPddipy]* [B(3,5-(CF;),C¢H 4]
F7 11870(18) 3395(14) —186(12) 116(7)
Atom  x y z Uor U F8 10847(15)  4554(13)  —508(10)  105(6)
Pd1 1584(1) 1521Q1) 1788(1) 76(1) 2 F9 11050(15) 4034(15) 277(9) 102(6)
N1 2468(9) 1125(10) 126%(6) 90(9) ® F7 11521(22) 3442(17) 240(12) 142(9)
N2 2884(9) 1067(8) 2365(5) 73(N " F8' 11699%(14) 3754(13) —564(9) 97(6)
Cl 2215(14) 1160(15) 697(10) 127(15) @ FY 10872(16) 4484(16) —86(12) 120(7)
(07 2788(16) 820(21) 381(11) 180(23) ® Cc24 9675(20) 901(16) —1082(11) 123(7)
C3 3678(17) 455(19) 625(12) 167(22) * F10 902%(17) 765(14) —-1518(10) 114(7)
C4 3968(14) 442(15) 1183(10) 126(16) @ F11 9634(23) 413(18) —646(12) 151(9)
c5 3363(11) 784(10) 154(8) 84(11) * F12 10592(15) 854(12) —1168(10) 99(6)
Cé6 3620(11) 802(9) 2124(7) 7009) 2 F10/ 10464(20) 595(16) -77712) 133(8)
c7 4530(13) 577(11) 2465(11) 109(13) @ F1r 8997(17) 447(14) —1115(10) 107(6)
C8 4688(16) 586(12) 3015(10) 115(14) ® F12’ 9889%(27) 1041(22) —1578(15) 178(11)
9 3953(14) 845(11) 3252(9) 93(11) ° C25 8253(14) 3992(12) 1486(8) 90(5)
C10 3076(13) 1075(10) 2910(8) 83(1) * F13 9129(15) 4296(14) 141%(9) 94(6)
Cl11 79%(10) 1787(9) 1800(7) 68(9) * F14 8514(15) 3649%(12) 2018(8) 93(5)
C12 654(15) 2247(13) 2286(9) 105(13) # F15 7646(22) 454%(19) 1535(12) 145(10)
C13 640(17) 194%(16) 2847(10) 116(16) * F13 9214(20) 3953(19) 1643(12) 133(9)
C14 149%(19) 1366(19) 2883(13) 152(21) * F14' 7893(18) 3972(15) 1957(9) 113(6)
C15 —416(18) 88%(14) 2483(13) 144(18) ® F15' 7981(14) 4841(12) 1347(8) 92(6)
C16 —445(155) 1122(12) 1927(11) 111(15) ® C26 6851(14) 110%(13) 937(9) 98(5)
Cc17 267(13) 2008(16) 1283(8) 121(14) * Fi6° 7521(12) 521(9) 859(6) 104(4)
C18 —141(15) 1851(18) 780(9) 168(19) ® F17° 6730(13) 1035(10) 1444(7) 112(5)
B1 7269(10) 3208(9) —596(6) 46(3) F18 " 6003(11) 812(9) 570(6) 107(4)
C1,1 6361(8) 2702(8) —1046(5) 50(3) F16'® 5852(37) 1226(32) 960(22) 135(15)
C2,1 5474(8) 2446(8) —911(5) 53(3) F17'® 6907(43) 568(33) 653(22) 117(15)
C3,1 4700(10) 2071(9) —1302(6) 62(3) F18'° 7262(32) 886(24) 1472(16) 85(11)
C4,1 4783(11) 1933(9) —1842%(6) 744 C27 5605(13) 6118(12) —-409%8) 86(5)
C5,1 5631(10) 2213(9) —1988(6) 68(4) F19 5884(17) 6099(15) 120(10) 84(7)
C6,1 6400(9) 258%8) —15580(5) 57(3) F20 4637(17) 5742(16) -558(10) 102(8)
C1,2 8363(8) 2910(7) —658(5) 47(3) F21 5504(16) 6916(13) - 628(9) 95(6)
C2,2 9213(9) 3416(8) —473(55) 52(3) F19 5960(15) 6961(12) —353(9) 89%(6)
C3,2 10147(9) 3182(8) —487(5) 52(3) F20 4681(16) 6101(16) —714(9) 9%(7)
C4,2 1031510) 2388(9) —676(6) 68(4) F2r 5556(19) 5866(16) 90(11) 107(9)
C5,2 9528(11) 1849(9) —855(6) 6X(4) C28 7585(13) 5713(11) —1859%(7) 85(5)
C6,2 8565(10) 2099%(9) —847(5) 64(4) F22 8613(10) 5750(10) —1704(7) 55(4)
C1,3 7304(8) 3014(8) 58(5) 47(3) F23 7268(15) 6442(13) —2118(10) 87(6)
C23 7687(9) 3553(8) 49%(5) 55(3) F24 7409(19) 515%(16) —2311(10) 112(8)
C33 7785(9) 3363(8) 1055(5) 57(3) F22' 8471(16) 5454(15) —1898(9) 9%(7)
Cc43 7507(10) 2584(9) 1204(6) 66(4) F23' 7456(13) 6623(12) —189(8) 71(5)
C53 7133(10) 1985(9) 798(6) 65(3) F24' 7022(16) 5382(13) —2333(8) 83(6)
gg’i :l/gg?/g; igg(@l; _.212.2,8; 2(1)8; Thermal parameters are multiplied by 10* and coordinates by 10*,
; a . . . 1
24 6470(8) 4743(7) —517(5) 49(3) Atoms refined a.msotroplcally. U, being defined as 3 of the trace
C3’ 4 6263(9) 5597(8) —707(5) 58(3) of the orthogonalized thermal tensor. All of the fluorine atoms were
c 4’ 4 6618(9) 5936(8) —1130(5) 55(3) located and refined at distinctive positions (primed and unprimed
! symbols).
gg’: ;iggg; Zggg((g; _ ﬁgg; ‘5‘;8; ® The population parameters were all fixed at 0.5 with the exception
Ll b .
21 3759(14) 1786(13) —1124(8) 95(5) of the atoms markeq , the population parameters of the marked
Fl 3188(16) 2457(14) ~1083(10) 106(6) atoms are 0.75 (unprimed) and 0.25 (primed), respectively.
F2 3977(16) 1394(14) —-634(10) 100(6)
F3 3347(17) 1125(15) —1429(10) 112(6)
F1' 2965(13) 1745(12) - 157248 87(5)
F? 391621)  1002019)  -906(14)  146(9) [(m’-syn-a-methylbenzyl)PADPPP] * [B{3,5-(CF;),
F¥ 3538(16)  2268(13)  —763(10)  103(6) CsH;},]~ (6c)
Cc22 5692(16) 2150(14) —2598(8) 105(6) H[B{(3,5-(CF;,),C4H,),] - 2Et,0 (0.0022 g, 0.0021
F4 6075(14) 281312)  -278L(7) 87(5) mmol) was added to a chloroform solution (2 mL) of 4¢
FS 6497(22) 1520(17) —2581(11) 133(8) (0.065 g, 0.043 1) and (0.045 g 0.43 1
F6 5066(20)  1562(16)  —2871(10)  118(7) 065 g, 0.043 mmol) and styrene (0.045 g, 0.43 mmol).
F4 6523(25) 234324  —2686(13) 161(10) The resulting pale yellow solution was kept at 55°C
FS 4872(15) 2409(13)  —2953(8) 104(6) overnight. The solvent was then removed in vacuum.
F6' 5723(30) 133319)  -2752(13) 145(10) The oily residue was scratched with a spatula in
C23 11005(12) 3772(11) —260(7) 82(4)

hexane to yield 6¢ as a cream colored powder. Analysis
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caled for C4;H ,BF,,P,Pd: C 54.11; H 3.19; found C
53.97; H 3.37%.

"H-NMR (CDCl;, 8): 0.91 (dt, J=6.7 Hz, Jy_p=
12.4, 3H, Me), 338 (m, J;,_y = 6.7 Hz, J,;_, = 8.9 Hz,
1H, H1) 6.18 (t, J,;_y; = 6.8 Hz, Jy;_p = 7 Hz, 1H, H3),
6.79 (m, 1H, H7), 6.83 (H5, partially overlapping with
phenyl protons), 6.84 (H4, overlapping with phenyl
protons), 7.15 (m, 1H, H6), DPPP chemical shifts and J
as in 4¢; >'P-NMR (CDCl,, 8): 4.2 (d, Jp_p =74 Hz),
17.0 (d, Jp_p = 74 Hz).

4.3. X-ray structure determination of [(n>-syn-a-methyl-
benzyl) Pd(dipy]] * [B{3,5-(CF,),C4H;},] = (6c)

A pale yellow cubic crystal was selected for X-ray
analysis. Crystal data were collected on a Philips
PW1100 diffractometer governed by a new operating
system (FEBO [28]). A set of 25 carefully centred
reflections having 13.5 < 8 < 15° were used to deter-
mine the cell constants. As general procedure, three
standard reflections were measured every 2 h for orien-
tation and intensity control. No decay of the specimen
was noticed. Intensity data were corrected for
Lorentz-polarization effects. Atomic scattering factors
were those reported by Cromer and Waber [29] with
anomalous dispersion correction. An empirical absorp-
tion correction was applied via ¢ scan measurements
with transmission factors in the range 1.35-1.0. All the
computational work was carried out on a Digital Dec
5000 /200 workstation using the programs sHELx76 [30]
and sHELx86 [31]. The programs parst [32] and pLUTO
[33] were also used. Crystallographic details are re-
ported in Table 4. Final atomic coordinates with equiv-
alent isotropic thermal parameters are reported in
Table 5. The structure was solved by using the heavy
atom technique and all of the non-hydrogen atoms
were found through a series of F; Fourier maps. No
hydrogen atom could be located and they were intro-
duced at a later stage in calculated positions but not
refined. The H atoms attached to the metal-coordi-
nated allyl carbon atoms have not been introduced.
Refinement was by full-matrix least square calcula-
tions, initially with isotropic thermal parameters. In the
last L.S. cycles, anisotropic thermal parameters were
used for all of the non-hydrogen atoms in the complex
cation but not for those in the anion [B(3,5-
(CF;),C4H3),]". In the latter, all the CF; groups are
clearly affected by rotational disorder about the C-

C(F,) linkages to the C, ring. Two preferred positions
could be assigned to the F atoms of each CF; group.
All of the fluorine population parameters were fixed at
0.5 with the exception of the atoms F16-F18 (F'16-F’18)
whose temperature factors behave better with popula-
tion parameters of 0,75 and 0.25, respectively. Unfortu-
natley, even such a complicated description of the CF;
groups does not fully account for the residual eleciron
density, as large as 1.1 eA~2 in some parts of the final
AF map. Certainly, this problem contributes to the
unusually high R factors (R =10.098 and R, =0.110)
and to the large atomic standard deviations at the end
of the refinement. Working with a different set of data
collected from another crystal led to the same poor
crystallographic results. Listings of atomic coordinates
of the hydrogen atoms, anisotropic thermal parameters
have been deposited with the Cambridge Crystallo-
graphic Data Centre, and these listings and structure
factors are also available from the authors.
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