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THE PHENYLATION OF DICHLORO-n'*-NORBORNADIENE-PALLADIUM AiD

o e e e e e v e e e e e e 0 e Ay e e e A e e e = e e e e e = = e v = o -

ADOLPH SEGNITZ, EILEEN KELLY, SUSAN H TAYLOR and

PETER M MAITLIS*
Department of Chemistry, The Umiversity, Sheffield, S3 7HF, Englana

(Received October 11th, 197%)

Sgg@ary Phenylation of dichloro-n"“-norbornadienepalladium either
\;1th_a;pheny1mercury or, more conveniently, with sodium tetraphenyl-
borate gave di-u-chlorobis(2 5,6-n-3-endo-phenyinorbornen-2-yl-
endo-palladium) (IV) This reaction provides the first definitive
evidence for a cis addition of Pd-R to a coordinated dsuble bond.
By contrast phenylation of dichloro-n“-norbornadieneplatinur gave
first [Pt(Ph)(C])(nor-C7H8)] and then [PtPhZ(nor—Cfis)] and no
phenylation of the norbornadiene could be 1nduced Complex (IV)
underwent a reversible ring-closure to give the nortricyclenyl
complex (VI), [PdCl(py),(C;Hg)]. on reaction with pyridine. Ia the
solid state (IV) 1s bonded in a o,r-form but the homoallylic form
for (IV) and for related complexes is probably easily accessible.

Nucleophilic attack at a double bond coordinated to Pd{II) or Pt{II)
generally occurs exo~- with respect to the metal [1], but it has recently
become widely accepted that the direction of attack is very much a function
of the nature and state (for example, of solvation) of the nucleopnile and
1ts relative affinity for carbon compared to other electrophilic centres in
the mplecule such as the metal. Prior to the work reported here on the
phenylation of coordinated dienes, a Communication on which has appeared
[31, no fully authenticated example oi endo-attack on a double bond
coordinated to Pd(II} had been observed but 1n a number of cases mechanistic
argusents -led to the conclusion that endo-attack was occurring [2].

RESULTS ~ - = -
Attempts to phenylate diene—_palladium chloride complexes using PhMgBr

:al] faileg,f only biphenyl and decomposition products could be isolated. Other
: arylating agenf;_weré investigated and of these diphenylmercury was. found to
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have good reactivity towards Pd-Cl1 and Pt-Cl1 bonds Purification of the
product was, however, sometimes difficult and tedious and as an alternative
phenylating agent for Pd-Cl1 bonds, sodium tetraphenylborate 12 acetone was
employed. This was the reagent of choice here since 1t gave clean reactions
and the product was easily i1sclated and purified

Reaction of dichloro(norbornadiene)platinum (Ib) with two equivalents
of diphenylmercury gave the known diphenyl(n“~norbornadiene)platinum (III)
[4]. The intermediate 1n this reaction, chloro(phenyl)(n*~norbornadiene)-
platinua (IIb) could be obtained 1n 58% yield by treatment of (Ib) with a
deficiency of diphenyimercury or alternatively by mixing equimolar solutions
of (Ib) and (III).

When the reaction conditions used to prepare {III) were applied to the
palladium analogue {Ia) the only product obtained #as di-u-chlorobis{2.5,6~
n3-3-endo-phenyinorbornen-2-yi-endo-palladium) {IV). Imtial nmr
spectroscopic investigations 1ndicated that the phenyl was attached to the
Tigand and the question of whether the phenyl was endo- or exo- to the metal
was resolved by an X-ray structure determination {3] which shovwed the
endo-phenyl gecmetry 1ndicated, subsequent n m r. spectraoscopic measurements
{Table 1 and Experimental) supported this assignment.

The arylation of (la) also proceeded in acetone using sodium tetraphenyl-
borate and gave a 79% yield of the amalytically pure complex

The presumed intermediate, (IIa), in the formation of (IV) could not be
isolated or detected; furthermore all attempts to cause the chloro{phenyl)-
platinum analogue (IIb) to rearrange to give an analogue of (IV) were quite
unsuccessful. There was no detectable reaction on heating {iIb) 1n chloroform
or tetrahydrofuran either alone or in the presence of LaBr, SnC]z. or nexa-
mathylphosphoramide [(Hezﬂ)3P=0}. Triphenylphosphine or dimethyl sulphoxide
displaced the norbornadiene.

The palladium o,n-complex (IV) also underwent a further rearrangement
to the c-nortricyclenyl complex (VI) on reaction with an excz2ss of pyridine
{py). This complex was identified by 1ts n.m.r. spectra which showed the
absence of olefinic carbons and hydrogens. !H n.m.r*s at 9.54, 1.15 -
fH(s),H{2)3}, 0 9s6f[H(1}], 1.02, 2.16, 2.60[H(4),H(3),H(5)], 1.24[H(7)1,
and 7.0-9.0 [phenyl and pyridine]. 13C {IH} & at 12.0[C{1)]. 15.9
17.4[c{2),c{6)], 35.1{c(7}], 39.8, 43.9, 50.2[C(3)}.C{4).{5)F. 124.3,
125.0[py.8-C], 137.2, 137.6[py.v-C], 152.5, 153.1[py,a-C], 126.3, 128.15
129.1, 143.3 [phenyl]. The observation that the pyridine resonances in

*———-_ L -
A}) resomances were maitiplets except H(3] and ﬁfii‘u&tﬁ’uem si‘egtef.s:. =T
tha resopancas” were assigaed by selective deosdpifog Bf the 237 specteu.



115

the 13C n.m.r. spectrum were doubled suggested that the two pyridines were
ineguivalent and hence cis~- to each other. :
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A similar spectrum could also be generated by mixing together equimolar
solutions of (IV) and (VI) and this suggested that the norbornenyl-rortricycleny
rearrangement was reversible. This was also indicated by the identification
of (IV) from a reaction of (VI) and dichlorobis(benzonitrile)palladium in

chloroform,

Pd(C7H8Ph)py2C1 + Pd(PhCN)2C12 > Q[Pd(c7H8Ph)Cl]2 + Pdpy2C12
(v1) (1v)
wWhen (Ia) was treated with 2 large excess of diphenylmercury, the

phenylnortricyclenyimercury compound (VII), was formed. In separate
experiments it was shown that this derived from (1IV).

DISCUSSION

The use of diphenylmercury (or phenylmercuric chloride) as a reagent for
the preparation of phenyl-metal compounds 15 well-known and the use of
phenylmercury as an in situ phenylating agent for double-bonds in the presence
of palladium({II} 1s also well-established as in the reactions discovered by

Heck [6]

Ph,
“PhPdC1" + RCH=CH2 - RCH(PdC])CHZPh + RCH=CHPh + Pd® + HC1

Hg + PdC'l2 -+ "PhPdC1" + PhHgCl]

However, definitive proof of cis-addition to a double-bond was lacking until
1t was shown in the work described here that,in the product {IV) of phenylation
of dichloro{norbornadiene)pailadium, Ph ...Pd had effectively added across a
double bond It was not possibie to isolate or to obtain evidence for the
expected ntermediate phenyl-palladium complex (IIa), but the platinum analogue
(1Ib} could be made, both directly by the phenylation of (Ib)} and indirectly
by a redistribution reaction of (Ib) and {III).

However, neither the phenyl-platinum complex (1lb) nor {III) showed
any tendency to cis-insert to give the platinum analogue of (1V) under a
variety of conditions. It is interesting aiso to note that there is no
evidence for the combination of a phenyl and a C7 fragment even in the
mass-spectra of the platinum complexes (I1Ib) or (1I1). Whereas (VII). and
even (IV}, which did not show a molcular {on peak, gave clear indications
of the presence of C13 units (e.g. at m/e 169 or 167 corresponding to
C‘3H13 or 613 n ) in the break-down, such peaks were conspicuously absent
in the mass~-spectra of (fIb} and (III)} and indicated that aven under the
forcing conditions of a mass-spectrometer C,-phenyl bond formation did not
occur. The strongestpeak in-the spectrum for both {IIb} and {Iff} was .. -
at m/e 158, corresponding to CHyg” (i.e. diphenyl), which must arfse -7
from the coupling together of tuo phenyT gronps.,« »‘; 27 - ;;V\'l:%;;‘,t
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The fact that the norbornenyl-palladium camplex (IV) 1s formed even
more conveniently and in rather better yield by reaction of (Ia) with sodium
tetraphenylborate suggests that the intermediate (Ila), though not necessarily
the reaction path to it, are common to both These reactions are sti1l
under 1nvestigation {7]

In connection with our 1dentification of (IV) as the endo-phenyl 1somer
by an X-ray determination [3], 1t 1s also pertinent to comment on the
evicence i1n favour of the homoallylic form (A} Such a structure has been
postulated for the exo-substituted complexes of type (VIII, M = Pd, Pt,

R = alkoxide, acetate, X = C1, diketonate, etc ) [9] i1n order to account for
the ease with which they undergo ring-closure to give the nortricyclenyl
complexes (IX) [9-13]

R R
~J —~\
H L H
T \/2
MX L HX
(A) (viIiI) (1X)

The arguments for the homoaliylhc form have been summarised and extended
by Hughes and Powell [14], who have interpreted theyr 13C and H n.m r.
data 1n terms of a distortion of the li1gand away from the ¢,» bonded and
tozards the hemoallylic form. Their argument, which rests particularly on the
application of the Karplus relation to J(H-H), and on the values of J(C-Pt)
{in particular to C{2)) 1n the platinum complex (VIII, R = acetate,
MX = Pt(hfac)), unfortunately does not constitute final proof because the
application of the Karplus relation to strained organic systems is very
difficult [15], and because so little is sti111 understood of the variation
of chemical shift and coupling constant in ligands complexed to wmetals.

We have analysed both the IH and 13C n.m.r. data for complex (I¥} 1n
the same manner as Hughes and Powell. The most interesting feature of the
comparison {Table 1) is that the !H chemcal shifts and the values of J{H-H)
are very similar in (IV} and (VIII, R = acetoxy. MX = Pd(hfac}), with the
exception of course of H(3) which is exo and attached to a carbon bearing
_phenyl in (IV] and is endo and attached to a carbos bearing acetoxy in (VIII}.

It is clear from these data that (IV] and (VIII} have the same basic
structure of_the ligand in solution, and by ieplication therefore any



118

BL*L [s'ol=(si-v/)Flot'z  €¢'9  [8'€=(9-6)Fl60'9
2L [yee(si~e/)C0e8't  t8°s  [2'b=(9-5)Flec'
(SL)H (e)H  (9)H (SH

[2 ta(s-9)T2€0°c  O1'2 [€'2=(p=2) ‘0s=(c-2)F1i8 2 [8 €=(9-1)T *6'1a(S~L)T ‘b*y=(2-1)TI€2'E
b €=(5-p)FI50°€ £5'7 [2'2a(b-2)F *8'€=(£-2)FIt8'z  [b'em(9-1)T ‘8" La(S-L)T '2'tm(2-1)Tlep'E
(t)H  (e)H (2)H (L

(111A)
(A1)

{111A)
(A1)

((9044)pd = Xi ‘Ax0320% » Y ‘I1IA) Pu@ (AI) JO R43D3dS *u'uru Hy

L alqel



119

arguments supporting the homoallylic form which are adduced to (VIII) must
apply to (IV). This is confirmed by the ease with which (IV) cyclises to
the nortricyclenyl form (VI).

The X-ray structure determination of (IV) allows the following unequivocal
statements concerning the solid-state structure of one norbornenyl ligand in

(1v) [37:
(i) The metal is bonded to three carbon atoms [Pd-C{2) 2.04(2), Pd-C(5)
2.25(2), Pd-C(6) 2.14{2)A]} and is c]osest to C(2).

(ii) The coordination planeoof the metal does ngt bisect the C{5)-C(6)
bond but is closer to C{6) [0.51A] than to C(5) [0.9A].

{(iii) The non-bonded carbens C(3) and C(5) are 2-57R apart and the angle
LC(3)c(a)C(5) is 109° whereas the distance C{2)-C(6) is 2.35A and Zc(2)c(i)c(s)
is 98°. .

The crystal structure therefore shows that the metal is more strongly
bonded to €(2) than to C{6) and particularly €(5), as would be expected for

an asymmetric o,n-bonding situation. This bonding would not be expected for

a homoallylically bonded C(2)C(6)C(5) moiety where (based on the analogy to
allylic-palladium complexes) one would expect C{2) and C(5) to be at comparable
distances from the metal and C(6) to be if anything a little closer.

While the closing of the angle at the bridgehead carbons from 103° for
€(3)Cc(4)C(5) to 98° for C{2)C{1)C(6) is consistent with a deformation to a
homoallylic form, it is also to be expected for a o,s-form since C(Z)'and
C{5)C(6) ac* as the two ends of a chelate, and in particular as the coordination
plane cuts C(5)-C(6) about one third of the way along.

In our view the most compelling argument against a homoallylic form for
the 1igand in solid (IV) is the distance (2. 353) separating C(2) and C(6).
Some data on the lengths of C-C bonds of bond order jess than one are available
from the homoaromatic methano-annulene systems (1X-x1)

'*“‘”'A disorder problem makes- the dccurate determination of: bond’ lengths in the
‘other. narbornenyl. unit of the dimer {IV) difficult; ~however; all- indications
-are. that the:structure of this:1igand is’ the -sameas. the one for. which
accurate- data are.available.
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The transannular separations C{1)-C{6) i1n these molecules are 653 (1x) [16].
1.723 (X) {171 and 2.143 (x1) [18]1, clearly sho1ing the homoaromaticity in
{1X) and (X) and the lack of i1t 1n (XI) Particularly interesting 1s the fact
tnat the parent hydrocarbon of (X) 1s a triene and does not show any evidence
for homoaromaticity.

We therefore conclude that sn the solid {IV) the separation C(2)-C(8) 1s
too large for there to be any sigaificant bonding betreen tnese atoms However,
this does not rule out the existence of the ngmoallylic form as an intermediate
or transition state 1n the potential energy surface 1inking the norbornenyl
and the nortricyclenyl forms ¢t +s even possible that in solution
(1v) moves significantly closer to the homoallylic form

The formation of the nortricyclenylmercury comnlex (VII) had already been
observed to occur on reaction of the exo-acetoxynortricyclenylpalladium complex
{XII) with diphenylmercury [19], and simlar reactions occur with other

organomercury compounds.

OAc H

H thHg

pszdCI
HgCl

(XII) {vII)

The mechanism of the formation of {VI1) from (XII) is not clear but it may
well occur via (1) a reversal tc the norbornenyl form follesed (11) by loss of
acetzte and (i11) attack by phenylmercury on a norbornadiene-palladium species
in the manner described here. The further steps would then be (iv) ring
closure in the manner of (IV).{VI) (but without the pyridine) and (v) Hg-Pd
exchange. The eviderce presented here certainly supports such a mechanismn.

EXPERIMENTAL

Dichloro{norbornadiene)-palladium and -platinum complexes were prepared
by literature methods f20]. Al1 reactions were carried out under nitrogen
except where indicated. -
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Chioro{nl-phenyl){n*-norbornadiene})platinum (11b)

Diphenyimercury {0.36 g, 1 mmol} dissolved in dichloromethane (10 ml} was
added with stirring to a suspension of dichloronorbornadieneplatinum (Ib)
{0.72 g, 2 mmol} in dichloromethane {25 ml), and stirring was continued for
1 hr at 20°C. The solution was filtered to remove uareacted {Ib) (0.23 g)
and then cocled to -30°C for 4 h. Mercuric chloride {0.25 g, 90%) was filtered
off, the solvenAt was removed in vacuo and the residue was crystallised from
benzene-diethyl ether to yield colourless needles [Q.27 g, 58%, basad on
reacted {Ib)} of complex {IIb}, mp. 128-129°C (dec.) Found: C. 39.1:

H, 3.4; C1, 8.3%. H jmass-spectroscopic) 398, 399, 400, 401, 302,
CI3H]3C1P!: requires C, 33.1; H, 3.3; €1, 8.9% M, 398, 399, 400, 401, 402.
M n.m.r. & 1.74, 1.76 {H{7a,75)], 4.05 [H{1,4)], 4.86 [t, H{2,3),
J{H(2,3)-H(1,4)} = 2.5 Hz, J{H{2,3) - Pt} = 78 Hz], 5.67 [t, H(5,6},
J{H(5,6)-1(1,4)} = 2.5 Hz, J(H(5,6) - Pt} = 31 Hz], 7.1 [m, phenyl].

Diphenyl{n®-norbormadiene)olatinum (1I1)

Diphenylmercury {1.42 g, 4 mmol) dissolved in dichloromethane {25 ml)
was added to a suspension of complex (Ib) (0.72 g, 2 mmol) in dichloromethane
{25 m1) over 5 min. The solution turned yellow and a white solid (phenyl-
mercury chloride, 1.02 g) was precipitated which was filtered off after
10 min. The filtrate was evaporated to dryness and the residue was
chromatographed on Florisil in dichloromethane to remove diphenyl and
phenylmercury chloride; complex (I111) was obtained as colourless crystals
{0.38 g, 34%) mp. i49-130°C; 1it. [5b] 136-152°. Found: C, 51.7; H, 4.3%,
M (ma_ss-spectroscop'ic) 440, 431, 442. ,C]QH.‘BPt requires C, 51.7, H, 4.1%,
M, 440, 441, 442. H n.m.r. & at 1.71 [bd.s. H{7)], 4.13 [bd. RB{1.8)1,
5.51 [t, H(2,3,5,6) = 2 Hz, J(H-Pt) = 38 Hz], 7.01 [s, phenyl]l.

Di-u-chlorobisf{2:5,6-n 3-3—-endo-pheny1 norbornen-2-y1-endo-palladium] (iv)

{i) A solution of d1ph°ny1mercury (1.1 g. 3.2 n'mn't) in dichloromethane
(5 ml} was_added dropwise over 30 min. to a suspensicn of dichloro(norbornadiene)-
pa'nadwm (Ia) (0 87 a, 3. 2 mno]) in dichloromethane {5 ml)} at -10°C. .The
solutian.uas filtered to ra:tove phenylmercuric chloride, and the filtrate
was chromatographed on Flonsﬂ_in dichloromethane to remove more PhHgCl and
dipheny]l "~ The com'lex (IV)-;tjista}l ised from dichloromethane-pentane in
',ye‘no\-r needles’ {0.5 g, 50%), m.p. 190° decomp.  Found: 'C, 50.4; H, 4. 5,
,f_',c n 13 M4, 622. Gy n26c1 d, requires C, 50.2; H, 4.25 C1, n 4%; - :
M, : v(Pd-C!) 217 (vs}. 246 (s}, 274 cm I . 3¢ {‘H}NHR 5, 31. 6{5(2)},
. 71.1,{‘6‘16)},,112.5(6(5_},}. S
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was slowly added to a suspension of complex (la) (3.0 g, 11.1 mmol) in acetone
{300 ml) with vigorous stirring. The reaction mixture darkened; after the
addition was complete the volume of solvent was reduced to 20 ml on a rotary
evaporator and the solution was kept at 0°C for 1 hr. The crude complex (IV)
[3.5 g] crystallised and was- filtered off. It was purified by chromatcgraphy
on silica gel in dichloromethane and crystallised in orange yellow needles
[2.72 g, 79%] from dichloromethane-methanol; m.p. 190° (decomp}.

Chlorcbis{pyridine)-ni-endo-3-phenylnortricyclen-5-yl-endo~palladium (VI)

Pyridine {0.26 ml, 3.2 rmcl) dissolved in dichloromethane (1 ml) was
added slowly to a solution of complex (IV) (0.50 g, 0.08 mmol) in dichloro-
methane (5 ml}. The mixture was stirred (30 min) at 20°C, the volume
was then reduced {(to 1 ml) on a rotary evaporator and methanol (5 ml) was
added. Pale yellow crystals of (VI} {0.50 g, 66%, m.p. 150-152° decomp.) were
obtained on cooling the solution to 0°C. Found: €, 57.9; H, 5.2; C1, 7.8;

N, 5.9%. C23H23C1NZPd. 0.5 HZO requires €, 57.8; H, 5.1; €1, 7.4; N, 5.9%.
The presence of water was confirmed by the observation of a weak band
at 3450 cm™! in the i.r. spectrum. Far i.r.: w(Pd-C1) 222 (vs), 237 (s) el

thlorof endo-3-phenyl-endo-5-nortricyclenyl Jmercury {VIii}

A solution of diphenylmercury (2.30 g, 6.5 mmol) in dichloromethane {60 m1)
was added dropwise over 1 hr. to a suspension of dichlora{norbornadiene}~
palladium {Ia) (0.87 g, 3.2 mmol) in dichloromethane at -10°C. The black
solid was then filtered off and the colourless solution was chromatographed on
Florisil. This gave the mercury complex (VII) {0.55 g, 42%}, m.p. 145°, of.
identical n.m.r. spectrum to that reported [19]. Found: C, 38.0; H, 3.3%,

M (mass-spectroscopic) 404, 406. Cqafly 19T requires: C, 38.5, H, 3.2%, ‘
M, 404, 406. : : . B i

We thank the Science Research Council for supoort, I.C.I. Ltd. for a
grant towards the purchase of chemicals, Dr. 8. E. #ann for help wi th
interpreting some n.m.vr. spectra and Mr. D. Alker and Hr J Beer for nelp
mth the initial stages of the prob]em. ) : i
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