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Abstract: The complexes [Pd(bcope)(OTf),] (1a), where bcope is (CsHi4)PCH,—CH,P(CgH14), and
[Pd(bucope)(OTf),] (1b), where bucope is (CsH14)PCeH4CH,P('Bu),, catalyze the conversion of diphenyl-
acetylene to cis- and trans-stilbene and 1,2-diphenylethane. When this reaction was studied with para-
hydrogen, the characterization of [Pd(bcope)(CHPhCH,Ph)](OTf) (2a) and [Pd(‘bucope)(CHPhCH,Ph)](OTf)
(2b) was achieved. Magnetization transfer from the a-H of the CHPhCH,Ph ligands in these species pro-
ceeds into trans-stilbene. This process has a rate constant of 0.53 s™* at 300 K in methanol-d; for 2a,
where AHF = 42 + 9 kJ mol~! and AS*f = —107 + 31 J mol~* K=, but in CD,ClI, the corresponding rate
constant is 0.18 s71, with AH* = 79 £+ 7 kJ mol~t and AS* = 5 4+ 24 J mol~! K1, The analogous process
for 2b was too fast to monitor in methanol, but in CD,Cl, the rate constant for trans-stilbene formation is
1.04 s71 at 300 K, with AH* = 94 + 6 kJ mol~* and AS* = 69 + 22 J mol~! K~1. Magnetization transfer from
one of the two inequivalent 5-H sites of the CHPhCH,Ph moiety proceeds into trans-stilbene, while the
other site shows transfer into H; or, to a lesser extent, cis-stilbene in CD,Cl,, but in methanol it proceeds
into the vinyl cations [Pd(bcope)(CPh=CHPh)(MeOD)](OTf) (3a) and [Pd(‘bucope)(CPh=CHPh)(MeOD)]-
(OTf) (3b). When the same magnetization transfer processes are monitored for 1a in methanol-d, containing
5 uL of pyridine, transfer into trans-stilbene is observed for two sites of the alkyl, but the third proton now
becomes a hydride ligand in [Pd(bcope)(H)(pyridine)](OTf) (5a) or a vinyl proton in [Pd(bcope)(CPh=CHPh)-
(pyridine)](OTf) (4a). For 1b, under the same conditions, two isomers of [Pd(‘bucope)(H)(pyridine)](OTf)
(5b and 5b’) and the neutral dihydride [Pd(‘bucope)(H).] (7) are detected. The single vinylic CH proton in
3 and the hydride ligands in 4 and 5 appear as strong emission signals in the corresponding *H NMR
spectra.

Introduction catalyst* More recently, a comprehensive study on the selective

The metal-catalyzed reduction of unsaturated hydrocarbonssen_q_'hydrogena_tlon of alkynes ta)talkenes by homogeneous.
has received much attention in the past because of the Vasl(x-d||£|7nepallad|_um(0) cgtalysts has been carried out by Els_e vier
number of opportunities that exist to prepare high-value gt al>~’ A palladium hydride, or more generally a metal hydride,
products. Such reactions therefore feature in many multistep IS oftgn proposgd to have a rolg n _SUCh r_eact%although
syntheses. For instance, the hydroformylation of an alkene is the direct dettect|on of such species is relatlvelly Pa-'Re.ce.ntIy,.
an industrially important reaction of great significance that [(1,2-(CHP— Bu2)2C6H4),Pd(H)(MeOH)]’ a key intermediate in
produces detergents and plasticizer alcohdlse closely related the methoxycarbonylation _Of alk_ene_s , was detected b_y NMR
methoxycarbonylation of ethene to form methyl propanoate, an spectroscopy; and further investigations aﬁortded the identi-
intermediate in the manufacture of methyl methacrylate, is fcation of thi related alkyl species [(1,2-(GPHBuz)oCeHa)-
another well-studied example where the reduction of a double Pd(CHCH)]™, which features #-H agostic interaction. This

bond by a metal catalyst (e.g., Pd) is requitddss attention (3) Lindlar, H. Helv. Chim. Actal952 35, 446.

has been focused, however, on the hydrogenation of triple bonds. (4) Lindlar, H; Dubuis, ROrg. Synth1966 46,89~~~
Earlier investigations of alkyne hydrogenation led to the ) DEs'SgA3imbel. S Elsevier, C. Grauffel, Theor. Chem. Ac004

development of heterogeneous catalysts such as the Lindlar (6) Kluwer, A. M.; Koblenz, T. S.; Jonischkeit, T.; Woelk, K.; Elsevier, C. J.
J. Am. Chem. So@005 127, 15470-15480.

(7) van Laren, M. W.; Duin, M. A.; Klerk, C.; Naglia, M.; Rogolino, D.;

TUniversity of York. Pelagatti, P.; Bacchi, A.; Pelizzi, C.; Elsevier, CQtganometallic002
* Shell Research & Technology Centre Amsterdam. 21, 1546-1553.
(1) Konya, D.; Almeida Léaro, K. Q.; Drent, EOrganometallics2006 25, (8) del Rp, I.; Claver, C.; van Leeuwen, P. W. N. NEur. J. Inorg. Chem.
3166-3174. 2001, 2719-2738.
(2) Clegg, W.; Eastham, G. R.; Elsegood, M. R. J.; Heaton, B. T.; Iggo, J. A.;  (9) Grushin, V. V.Chem. Re. 1996 96, 2011-2033.
Tooze, R. P.; Whyman, R.; Zacchini, Srganometallic2002 21, 1832 (10) Clegg, W.; Eastham, G. R.; Elsegood, M. R. J.; Heaton, B. T.; Iggo, J. A.;
1840. Tooze, R. P.; Whyman, R.; Zacchini, Balton Trans.2002 3300-3308.
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species is proposed to be in equilibrium with the alkene hydride w H [M]_m+
[(1,2-(CHP—1BU),CsHa)Pd(H)7%-CH,—=CH;)] * 2 However, the }z.-(

detection of such species alone does not necessarily imply that R R RCECR'
they take an active part in catalysis. Truly catalytic species H —|+

should have a dynamic existence under the reaction conditions [M]/ H

and must react further with other reagents during catalysis. ~O-R

Consequently, their concentration at equilibrium is normally very H{ R—|+

low. !

It has been shown thatara-hydrogen-induced polarization

[M]&

R

(PHIP) can be used to enable the direct NMR detection of many

metal hydride signals for complexes in solution that would Hy

otherwise be invisible. This approach therefore overcomes the ) o . . . .

Figure 1. Schematic cationic mechanism for palladium bisphosphine

inherent low sensitivity of NMR spectroscopy and makes it [wj-catalyzed alkyne hydrogenation.

applicable to the study of catalytic reactiofis!® Insensitive

heteronuclei like!3C and3P, which are scalar-coupled to the ™M

enhanced hydride signals, can also be detected indirectly via H

appropriate one-dimensioA@t”and two-dimension#t—22 cross H

polarization experiments. PHIP NMR spectroscopy has also ).’-( 2 [M]*‘

been shown to permit the direct identification of metal com- RC=CR'

plexes without the need for enhancement of metal hydride

signals, an example being the characterization of intermediates

in cobalt-catalyzed hydroformylation through proton resonances [M]—-I

of ancillary acyl ligand22 In a preliminary study, we reported H

the detection of an alkylpalladium complex that was shown to

be a key intermediate in the palladium-catalyzed alkyne \_/ |

hydrogenation of diphenylacetyleA&The three alkyl protons H® R

and the two carbons of the CHGHackbone of the alkyl ligand Figure 2. Schematic neutral mechanism for palladium bisphosphine

were unambiguously assigned by PHIP NMR spectroscopy. The [MI-catalyzed alkyne hydrogenation.

minimal structure of this species was therefore confirmed to be ygactione627 and a mechanism for this reaction based on Pd-

Pd(bcope)(PhCHCH). Subsequent studies using PABEL (o) species has been recently propds&@urr initial mechanistic

(OTf)2 as the metal precursor extended this study further and proposal for the bcope hydrogenation system followed the

enabled the detection of related vinyl hydride spegtes. neutral cycle and was supported by a preliminary theoretical
Two possible mechanisms were considered to account for study (DFT). The proposed reaction cycle also met the key

these observations. One, a cationic mechanism, starts with aconstraints imposed by PHIP NMR spectroscépst

palladium monohydride cation. Subsequent coordination and Herein we describe new experimental evidence for the

migratory insertion of the alkyne leads to a vinyl complex, from generation of monohydride precursors which, in conjunction

which the alkene is released after dihydrogen addition (Figure with an extensive PHIP NMR study, strongly suggests that a

1). The second proposed mechanism (Figure 2), a neutral cycle cationic mechanism is preferred for the hydrogenation of alkynes

requires controlled reduction of a Pd(ll) triflate to a Pd(0) catalyzed by palladium(ll) bisphosphine triflates.

bisphosphine complex. Reduction of Pd(Il) precursors to Pd(0)

species is accepted as the starting point of many catalytic

Experimental Section

General Conditions.All manipulations were carried out under inert

(11) Bowers, C. R.; Weitekamp, D. Phys. Re. Lett. 1986 57, 2645-2648.

(12) Natterer, J.; Bargon, Nucl. Magn. Reson. Spectrost997 31, 293—
315.

(13) Duckett, S. B.; Sleigh, C. Prog. Nucl. Magn. Reson. Spectrod4@99
34, 71-93.

(14) Duckett, S. B.; Blazina, DEur. J. Inorg. Chem2003 16, 2901-2912.

(15) Blazina, D.; Duckett, S. B.; Dunne, J. P.; GodardP@lton Trans.2004
17, 2601-26009.

(16) Duckett, S. B.; Newell, C. L.; Eisemberg, BR. Am. Chem. Soc993
115 1156-1157.

(17) Haake, M.; Natterer, J.; Bargon,.Am. Chem. S0d.996 118 8688-
8691.

(18) Duckett, S. B.; Barlow, G. K.; Partridge, M. G.; Messerle, B.Dqlton
Trans.1995 3427-3430.

(19) Duckett, S. B.; Mawby, R. J.; Partridge, M. Ghem. Commun1996
383-384.

(20) Jang, M.; Duckett, S. B.; Eisemberg, ®rganometallics1996 15, 2863—
2865.

(21) Mlllar S. P.; Jang, M.; Lachicotte, R. J.; Eisemberglrf®rg. Chim. Acta
1998 27(1 363-375.

(22) Messerle, B. A.; Sleigh, C. J.; Partridge, M. G.; Duckett, SDBlton
Trans.1999 1429-1435.

(23) Godard, C.; Duckett, S. B.; Polas, S.; Tooze, R. P.; Whitwood, Al.C.

Am. Chem. SoQ005 127, 4994-4995.

(24) Dunne, J. P.; Aiken, S.; Duckett, S. B.; Konya, D.; Lenero, K. Q. A.; Drent,

E. J. Am. Chem. So@004 126, 16708-167009.
(25) Lopez-Serrano, J.; Duckett, S. B.; LlejoA. J. Am. Chem. So006
128 9596-9597.
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atmosphere conditions, using standard Schlenk techniques (with vacuum
of up to 102 mbar, with N or Ar as an inert atmosphere) or high-
vacuum techniques (I®mbar). Dry N and Ar were purchased from
BOC Gases. Storage and manipulation of samples was carried out using
standard glovebox techniques, under an atmosphere,,ofisihg an
Alvic Scientific Gas Shield glovebox equipped with a freezer
(=32 °C), vacuum pump, and Npurge facilities. Solvents were
obtained as analytical grade from Fisher. Diethyl ether was dried by
refluxing under nitrogen over sodium wire, while dichloromethane and
methanol were dried over calcium hydride. The deuterated solvents
methanold, and CDCI, were purchased from Aldrich and stored under
N2 but used without further purification (when dried solvents were
employed, no difference in the speciation was observed in the reactions
described in this paper). Pd(PhGR), was prepared as described in
the literature (PdGlwas purchased from Johnson Matthey and PhCN
from Lancaster). AgOTf was obtained from Aldrich and used as
received. NMR spectra were obtained on a Bruker DRX 400, DSX

(26) Streiter, E. R.; Blackmond, D. G.; Buchwald, S.1.Am. Chem. Soc.
2003 125 13978-13980.
(27) Amatore, C.; Jutand, AAcc. Chem. Re®00Q 33, 314-321.
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600, or DSX 700 spectrometer. For the hydrogenation studies, solutionsat 130°C under 540 mmHg of3CO for 5 h. The resulting mixture

of the palladium catalyst (ca. 5 mM; ca. 2.5 mg of catalyst in 50O

of deuterated solvent) in Young'’s tap NMR tubes were added to a ca.
40-fold excess of diphenylacetyledgr (ca. 20 mg; ca. 0.22 M) and
then reacted witlp-H, (3—3.5 atm). GC/MS data were collected on a
Saturn 2000 gas chromatograpinass spectrometer combination. A
Factor-Form VF-6mg capillary column (30 m0.25 mm i.d. and 0.25
um film thickness) was used for the GC separation. The initial oven
temperature was 10%C, and two temperature ramps (30D45 °C,

2.5 °C/min; 145-250 °C, 30 °C/min) were employed, with the final
temperature being retained for 50 min. The helium carrier gas flow

was cooled, diluted with HCI (1 M, 200 mL), and extracted with diethyl
ether (3x 50 mL). The combined ethereal extracts were washed with
water (100 mL) and dried (MgSQ) and the solvent was removed under
reduced pressure. The residue was chromatographed on silica using
ethyl acetate (10% in hexanes), and the second band was collected to
give N,N-dibutylbenzamidel-13C-ds (3.16 g, 53%) as a pale orange

oil. *H NMR (300 MHz, CDC}): ¢ 3.29 (bs, 2 H) 2.99 (bs, 2 H),
1.6-0.5 (m, 14 H).13C NMR (75.45 MHz, CDCJ): ¢ 172.160 {-

CO), 137.43 (d, 65 Hz), 129.45, 128.22, 126.47, 49.19, 44.91, 31.21,
30.06, 20.17, 19.56, 14.38, 14.06. MS (Ehvz 239 (M, 12%) and

rate was 1.0 mL/min. Mass spectra were recorded in the electron 111 (M" — Bu,N, 100%).

ionization (EI) mode (70 eV, scanning the-3650n/zrange). For the

Next acetophenong-C-ds was synthesized. For this, methyllithium

GC/MS measurements, dichloromethane or methanol solutions (1 mL) (1.6 M, 9.6 mL, 15 mm in BED) was added to a solution &,N-

of the palladium complex (ca. 2 mg) and diphenylacetylene (ca. 50-
fold excess, 22 mg) were degassed and placed undertntbsphere
(4 atm). The mixtures were heated to 32 for 1 h, and the sample
was shaken every 15 min. In order to obtain the product proportions,

dibutylbenzamidet-13C-ds (3 g, 12.8 mm) in THF (30 mL) at room
temperature under NThe solution was stirred at room temperature
for 2 h, and then HCI (50 mL, 2 M) was added. The solution was
extracted with dichloromethane 50 mL), the organic extracts were

a series of relative response factors were produced for the differentwashed with water (50 mL) and dried (Mg®Qand the solvent was
species via a control sample containing diphenylacetylene (9.3 mg, 98%removed under reduced pressure. The residue was chromatographed

purity), cis-stilbene (1Q«L, 10.14 mg, 97% purity)trans-stilbene (11.3
mg, 96% purity), and 1,2-diphenylethane (8.9 mg) in,CH (5 mL).
The bcope [(@H14)PCH—CH,P(GH14)] andbucope [(GH14)PCsHa-
CH.P(Bu),] ligands used in this work were prepared at Shell and the
University of Bristol?8:2°

Synthesis of the ComplexesThe triflate complexes used in this
study were synthesized from their chloride analogues, which were
prepared according to literature procedtifes.

Synthesis of [Pd(bcope)(OTH)] (1a). Pd(bcope)(CH (120 mg, 0.25

on silica using ethyl acetate (10% in hexanes) to give acetophenone-
1-13C-ds (1.33 ¢, 86%) as a pale yellow oitH NMR (300 MHz,
CDCl): ¢ 2.32 (d, 3 H,J = 8 Hz). 3C NMR (75.45 MHz, CDGJ):
0 195.94 {8C0O), 135.72, 131.12, 128126 (m), 24.98.

The acetophenonk+3C-ds was then converted to 2-phenylacetophe-
noned-13C-dyo. Palladium acetate (22 mg, 1 mol %),Rtba) (48 mg,
1 mol %), and Bus (64 uL, 2 mol %) were dissolved in THF (20
mL) under N and stirred for 10 min. Sodiutert-butoxide (2.09 g, 22
mm) was added, followed by a solution of acetophenb##:-ds (1.33

mmol) was suspended in dry, degassed dichloromethane (30 mL) andg, 10.5 mm) and bromobenzedg{1.60 g, 9.9 mm) in THF (20 mL).

AgOTf (158 mg, 0.65 mmol) added to the suspension. The mixture

The resulting mixture was heated at 80 for 4 h, poured into HCI

was stirred overnight in the absence of light. The new suspension was(50 mL, 1 M), and extracted with dichloromethanex330 mL). The

filtered off and the yellow solution concentrated to ca. 1 mL before

combined organic extracts were washed with water (50 mL) and dried

n-hexane was added to precipitate the product, which was dried under(MgSQy), and the solvent was removed under reduced pressure. The

vacuum. Yield: 121 mg or 63%P{'H} NMR (161 MHz, CQCl,):
0 73.11 (s). Anal. Calcd for £&H3:,Cl.FeOsP,PdS-2.5H,0: C, 31.99;
H, 4.83; S, 8.54. Found: C, 31.54; H, 4.94; S, 8.54.

Synthesis of [Pd{bucope)(OTf)]-5H,0 (1b). AgOTf (320 mg, 1.25
mmol) was added to a G, (10 mL) solution of [Pdbucope)(Cl)]
(200 mg, 0.31 mmol). The reaction mixture was stirred at room

residue was used without further purification in the next step, the
preparation of diphenylacetylerie!*C-d;,.

A solution of PC§ (8.2 g, 39 mm) and 2-phenylacetophendre-
13C-dypin benzene (30 mL) was heated at reflux for 3 h, cooled, poured
into water (50 mL), and extracted with dichloromethane<(80 mL).

The combined organic extracts were washed with water (50 mL) and

temperature for 72 h in the absence of light. The resulting suspensiondried (MgSQ), and the solvent was removed under reduced pressure.
was filtered, and then the filtrate was evaporated to produce a colorless The residue was dissolved in ethanolic NaOEt, heated at reflux for 4

powder. Yield: 158 mg or 59%H NMR (400 MHz, CQCly): o 7.86—
7.79 (M, 1 H, CHG@H,), 7.68-7.58 (m, 2 H, GH.), 7.54-7.48 (m, 1
H, CeHs), 3.49 (m, 1 H, &1,P), 3.35 (broad m, 1 H, £}, 3.29 (apparent
dd, Junw = 15.5 Hz,Jup = 4.5 Hz, 1 H, G4,P), 2.972.61 (several m,
4 H, G), 2.34-1.34 (several m, 9 H, &, 1.56 (d,Juc = 15.5 Hz,
C'Bu), 1.22 (d,Juc = 15.5 Hz, CBU). **C{*H} NMR (100 MHz, CDQ-
Clp): 0 137.75 (cCCH,PPh), 133.29 (s, CH @Ha), 132.96 (s, GHJ),
132.65 (s, @Ha), 129.39 (s, €Hs), 123.50 (c,CP), 41.63 (sC'Bu),
40.53 (d,Jcp = 16.0 Hz,C'Bu), 29.85 (sC'Bu), 29.10 (sC'Bu), 24.52
(s, CHoP). 31P{*H} NMR (161 MHz, CDQCl,): 6 110.0 (d,Jpp= 7.2
Hz, PBu), 31.13 (broad sPCgHi4). Anal. Calcd for GsHsgFsOgP2-
PdS-5H;0: C, 34.47; H, 5.55; S, 7.36. Found: C, 34.34; H, 5.22; S,
7.65.

In order to prepare thdiphenylacetylenel-'°C-d;o used in this
study, the following procedures were followed. FimdtN-dibutylben-
zamide1-13C-ds was prepared. To do this, a mixture of bromobenzene-
ds (4 g, 24.7 mm), dibutylamine (10 mL), ethyldiisopropylamine (10
mL), triphenylphosphine (520 mg, 8 mol %), bisbenzothiazolecarbene-
palladium diiodide (650 mg, 4 mol %), and tetrabutylammonium

h, cooled, poured into water (100 mL), and extracted with dichlo-
romethane (3« 50 mL). The combined organic extracts were washed
with water (50 mL) and dried (MgS{p and the solvent was removed
under reduced pressure. The residue was chromatographed on silica
using hexane as eluent. The solvent was removed under reduced
pressure, and the residue was crystallized from hexane to give
diphenylacetylend-*3C-dyo (0.62 g, 33% from 2-phenylacetophenone-
1-13C-d) as colorless needleSC NMR (75.45 MHz, CDCJ): 6 89.73
(*3C-acetylene). MS (El):m/z 189 (M*, 100%).

Results and Discussion

Preparation and Characterization of [Pd(bcope)(OTf)]
(1a) and [Pd(bucope)(OTf)] (1b). The triflate complexeda
and 1b [where bcope is (§H19)PCH—CH.P(GHis) and
bucope is (@H14) PGH4CH-P(Bu),; both have been abbreviated
as B where necessary] were synthesized from their chloride
analogues by the addition of AgOTf and isolated in good yield
as pale yellow/white solids. The details of these syntheses and

bromide (4.5 g) in dimethylamine (30 mL) was degassed and heated €Sential NMR data for these species can be found in the

(28) Eberhard, M. P. Ph.D. Thesis, University of Bristol, 2000.

(29) Marsh, P. Ph.D. Thesis, University of Bristol, 2003.

(30) Stang, P. J.; Cao, D. H.; Saito, S.; Arif, A. Nl. Am. Chem. Sod.995
117, 6273-6283.

Experimental Section.

X-ray Diffraction Studies. The crystal and molecular
structures of compounds [Phijcope)(Cl)] (see Figure 3 and
Supporting Information), [Péfucope)(OH);](OTf)2-2(H:0)

J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007 6515
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H7d

CID-PA(1)  23632(5)  P(1)-PA(1)-PQ2)  90.497(19)
CIQ)-Pd(1)  23594(5)  P(1)}-Pd(1)-CI(1)  173.440(14)
P(I-Pd(1)  22485(5)  PQ)-PA(1CUI)  91.99(2) O(1}Pd(1)  2.1445(12)  P(1)-Pd(1)-P(2)
PQ)-Pd(1)  22953(5)  P(1)-Pd(1)-CI(2) 90.42(2)
PQ)-PA(1)-CI(2)  164.941(14)

90.049(16
)
O@)-Pd(1)  2.1075(12)  O(1)-Pd(1)-P(1) 177.21(4)
P(1)}-Pd(1)  2.2343(4) O(1)-Pd(1)-P(2) 92.24(4)

Cla)-Pd1)-CI2)  88.752) P2)}-Pd(1)  22619(4)  O(2)-Pd(1)-P(1) 94.47(4)
Figure 3. Molecular structure of [Pdfucope)Gl]l: ORTEP view showing O(2)-Pd(1)-P(2) 168.50(4)
50% probability ellipsoids, and selected bond lengths (A) and anges ( 0(2)-Pd(1)-0(1) 83.58(5)
Hydrogen atoms have been omitted for clarity. Hydrogen bonds dD.A) <(DHA)
(Figures 4 and 5) and [Pd(bcope)(MeQKDTf),2(MeOH) O(1)-H(1B)...O(9)#1 2.6200(18) 173(3)
(Figure 6) have been determined by X-ray diffraction studies. O(1)-H(10)...0(3)#1 2.7469(19) 160(2)
Selected crystallographic data for these complexes are presented  0(2)-H(2C)...0(10) 2.5960(19) 171(3)
in Table 1; complete crystallographic data for all three com- O(2)-H22D)...O0(5)#1 2.7443(19) 169(2)

plexes are given in the Supporting Information. For all these Figure 4. Molecular structure of the cation [Pdgcope)(OH)z]2+: ORTEP
structures, the hydrogens were placed using a riding model, view showing 50% probability ellipsoids, and selected bond lengths (A)
except for the hydroxyl hydrogens, which were placed by and angles®). Hydrogen atoms other than those of thgoHigands have

. ' " been omitted for clarity.
difference map after all the other atoms had been positioned
and refined.

e hydrogen-bonded to the same triflate and to two independent
Single-crystal X-ray-quality crystals of [Pd(cope)(Ch] are nyaroge : S rae anc 1o meepenaen

btained by additi f diethvl eth dichl h water molecules. In addition, these waters of crystallization are
were obtained by addition of diethyl ether to dichloromethane o ., ponded to a bridging triflate anion and to another

solutions of the solid. The palladium atom in this species is in independent triflate, as shown in Figure 5. The-I®+--O

the c_enter of a square-planar arrangement of two chlorine anddistances are in agreement with those of related comphéx&s,

.tWO ICIS-phOS[?]hOI.'(ljJS ﬁt%rgs,r?nd t(;‘_%Fl,d_P (%OA:-?éIl?) atl)nglz and similar hydrogen-bonding patterns have been described for
Is close to t 1€ ldea The P (1) an ,P ( ), on other palladium aqua complexes with triflate counteran-
lengths are similar and comparable to-Rel distances in other ions3137.38 The hydrogen-bond networks constitute infinite
palladium bisphosphine dichloride complexes. While the posi- chains parallel to the crystallographaeaxis

g_on c:jf thz ct?/\rlbon a_ttc_)ms of olr:je bOf tI1|ert-but¥/I ”groupj \INaclis th Whenlawas successfully crystallized from cooled methanol
ITOtr' ered, two posi |c;ns ﬁoi N suc;;esz uty TSO € ed ‘559 solutions, the metal center contained two methanol solvates that
rela 'Vej[. O(I:cupancy ob which was refined o an were bound directly to palladium, in addition to a further pair
reilsﬁgr:\ﬁ)\//\./as successfully crystallized by addition of diethyl which extended out to the two triflate counterions via appropriate
) 4 ) hydrogen bonds. This species, [Pd(bcope)(Mef{B)f),:
ether to dichloromethane solutions, the cation actually proved ydrog P [Pd(bcope)(MeIBIT™)
to be the di-aqua complex, [Pdgcope)(OH),]*". The pal- (31) Qin, Z.; Jennings, M. C.: Puddephatt, Rinbrg. Chem 2001, 40, 6220

ladium atom proved to be located in a distorted square-planar _ 6228. ) ,
. . . . (32) Ruiz, J.; Florenciano, F.; Vicente, C.; De Arellano, M. C. R.pép, G.
environment, with a phosphine bite angle P{Pd(1)-P(2) of Inorg. Chem. Commur200Q 3, 73-75.

90.049(169, which is very similar to that of the chloride (33) gggaer‘iz'\/'gs'\/'g%unih'\/'-: Rossell, O.; Ruiz, E.; Maestro, M.lAorg. Chem.

precursor [Pdbucope)(Cl)]. The corresponding phosphorus (34) Gusev, Ol.d\1/.; Kdalsin, A M. PeterIeEner, M. G.; Pletrovskii,bP. X Lyssenko,
i i i K. A.; Akhmedov, N. G.; Bianchini, C.; Meli, A.; Oberhauser, W.

pallaqllum distances are slightly shorter than those of the Organometalic002 21, 3637 3649,

chloride, at 2.2343(4) and 2.2619(4) A, rather than 2.2485(5) (35) Vicente, J.; Arcas, A.; Bautista, D.; Jones, P.GBganometallics1997,

i : 16, 2127-2138.
and 2.2953(5) A’ respectlvely, and Conflrm tha,t theHigands (36) Stang, P.J.; Cao, D. H.; Poulter, G. T.; Arif, A. Rirganometallics1995
have a poorer trans influence than chloride ligands. 14, 1110-1114. . .
Supramolecular Structure of [Pd(‘bUCODE)(OHz)z](OTf) > (37) f]t_?ng,zg’aje,zggao, D. H.; Saito, S.; Arif, A. Nl. Am. Chem. Sod.995
2(H,0). Both water ligands in the cation [Pdgcope)(OH),]2" (38) Vicente, J.; Arcas, ACoord. Chem. Re 2005 249, 1135-1154.
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Figure 5. Views perpendicular to the (left) and c (right) crystallographic axes of the supramolecular structure oftjBdépe)(OH)](OTf)2:2(H:0),
showing the hydrogen-bonding pattern. The cation units are represented by the metal center (big pink sphere), the phosphorus atoms, anditius water lig
Crystallization water molecules participate in the hydrogen-bonding pattern that build the infinite chains found along the crystalbbgraphic

The formation of palladium aqua complexes from the
corresponding chlorides and silver or thallium salts is not rare,
but there are relatively few reported structures of palladium
triflate complexes, and there is only one reported example of
the crystal structure of a bis-triflate compl@kHowever, it is
well known that the triflate ligand can be easily replaced by
water molecules present in or added to the solveff:4°
Moreover, the formation of hydrogen-bonded networks clearly
stabilizes such species with respect to the bis-trift&ité® To
the best of our knowledge, only one structure for a pallagium
methanol complex has been described previotfsly.

Hydrogenation of Diphenylacetylene in Methanol: Mecha-
nistic Implications. Typical NMR experiments were completed
in CD.Cl, or methanold, containing the complexl@ or 1b)
and a 40-fold excess of diphenylacetylahe- Three atmo-
spheres opara-hydrogen was then introduced over the solution
at 295 K, and the ensuing reaction was monitored by multi-
nuclear NMR spectroscopy between 265 and 333 K. During

O(-Pd(1)  2.1417(16)  O(1#1-Pd(1)-O(1)  82.66(9) these studies, the utilization pfH, resulted in the observation

P(D)-Pd(1)  22446(5) PD#LI-PA(D-P(A)  84.36(3) of enhanced proton resonances for reaction products containing
O(1}-Pd(1}-P(1)  96.54(5) two hydrogen atoms that were originally present in a sipgi&
OQ)Pd(1)P2)  168.50(4) molecule (Scheme 1). This effect provides information about

Hydrogen bonds d(D-.A) <(DHA) the mechanism of reaction and is central to much of the work

O(5)-H(5A)...0(3)#2 2.670(3) 174(4)

O(1)-H(1A)..0(5) 2.615(3) 161(3) now reported.

Figure 6. Molecular structure of [Pd(bcope)(MeOH)OTf)2-2MeOH, In summary, the correspondifl NMR spectra show weakly

including the hydrogen-bonding pattern: ORTEP view showing 50% enhanced signals at the beginning of the experiments which

probability ellipsoids, and selected bond lengths (A) and angigs ( correspond to the formation ofs-stilbene a® 6.66, as well as

E')}r'dcrlgfif; atoms other than those of the MeOH units have been omitted |\ 2 cegrans stilbene at) 7.18. These signals increase in
intensity, relative to the background, during observation and

2(MeOH), therefore possesses a coordination environment ofeénce correspond to reaction products that are essentially stable
two cis phosphorus atoms and two oxygen atoms which belong©n the NMR time scale. Since the two alkene protons of the cis
to two independent methanol molecules. These crystals belongiSomer are chemically and magnetically equivalent, the observa-
to the orthorhombic crystalline system, and the asymmetric unit tion of ap-Hz-enhanced emission signal@6.66 is consistent
contains a PR{PCsH14)CHz} (MeOH) moiety, one triflate anion, ~ With the involvement of an intermediate where two hydrogen
and one methanol of crystallization. The rest of the atoms atoms of thep-H, molecule become inequivalett.The fact
(denoted by “_2” or #) can therefore be generated by appropriatethat the proton signal farans-stilbene grows in intensity even
symmetry operations. In this species, the cation can be regarded

as a solvento complex where two methanols have displaced the39) Anandhl U.; Holbert, Y.; Lueng, D.; Sharp, P.IRorg. Chem 2003 42,

triflate counteranions from th_e pe_lllagl_ium center. _ _ (40) 2an7gd & 7%6 Jin, G. X.; Zhan, W. X.; Hu, Q. NDrganometallics2005
Thg P(1)>Pd-P(2) ang[e is significantly smaller in this (41) Rochon, F. D.: Melanson, Rorg. Chem 1987 26, 989.

species (84.36(3) than in both [Pdbucope)(Cl] and (42) Braga, D.; Grepioni, FAcc. Chem. Red.994 27, 51. _

[Pd(‘bucope)(OIj)z](OTf)2-2(H20) (90_497(19) and 90.049- (43) Braga, D.;Greplonl, F.; Sabatino, P.; Desiraju, GORjanometallicsL.994

13, 3532.

(16)°, respectively). In contrast, the-fPd distance of 2.2446-  (44) Quek G. H.; Leung, P.-H.; Mok, K. ffaorg. Chim. Actal995 239, 185—
(5) A here is slightly longer than that in [Pbgcope)(OH).]- (45) Alme S.; Gobetto, R.; Canet, D. Am. Chem. Sod.998 120, 6770~
(OTf)2r2(H0), 2.2343(4) A. 6773.
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Selected Crystallographic Data for Pd(‘bucope)Cl,, [Pd(bcope)(MeOH),](OTf),-2MeOH, and [Pd(‘bucope)(OH,),](OTf)2-2(H20)

[1a(MeOH),](MeOH)-2(OTf), [1b(OH,),](OTf),-2(H;0)

Table 1.

Pd(bucope)Cl,
formula GaH3sCloPoPd
M, 553.77
cryst size (mm) 0.24 0.16x 0.08
cryst syst monoclinic
space group P2,/c
cell constants

a A 11.057(2)
b, A 15.655(3)
c, A 14.870(3)
a, deg 90
B, deg 109.911
y, deg 90
Vv, A3 2420.1(8)
z 4
A 0.71073
p(calcd), Mg 3 1.520
w, mmt 1.128
F(000) 1144
T, K 115(2)
0 range, deg 1.9528.30
no. of rfins measd 24424
no. of indep refins 5994
max and min transmissn 1.000 and 0.873
Rint 0.0224
no. of restraints/params 0/290
Rw(F?) (all rfins) 0.0514
R(1) (>20(1)) 0.0229
S 1.054

largest diff peak and hole, e & 0.578 and-0.545

GaHagFe010PPAS CosHaeF6010PPdS
843.08 853.08
0.15x 0.13x 0.11 0.24x 0.23x 0.20
orthorhombic monoclinic
P21212 P21/n
10.1425(6) 14.8608(15)
12.0361(8) 16.6018(16)
14.1564(9) 14.8694(15)
90 90
90 108.403(2)
90 90
1728.16(19) 3480.9(6)
2 4
0.71073 0.71073
1.620 1.628
0.831 0.827
868 1752
110(2) 100(2)
2.22-30.03 1.69-30.04
19608 27146
4996 10013
0.913 and 0.845 1.000 and 0.624
0.0247 0.0222
0/214 0/453
0.0658 0.0646
0.0272 0.0260
1.056 1.029

0.679 and-0.466 0.607 and-0.419

Scheme 1
Pd(P,)(OTf), Ph
Ph-C=C-Ph ~ ot /A
Hy, 37°C,1h  PH Ph Ph
Pd(P2)(OTf),
‘Bu tBu
R N/
X T A\ ,oTf

Pd\ Pd
w (P/ OTf @ \OTf
1a 1b

though this signal does not sh@aH; enhancement is consistent
with it being the thermodynamically preferred product.

When such reactions are examined usfi@senriched diphen-
ylacetylened;o, the 6 6.66 signal is strongly enhanced, while
the 6 7.18 signal shows limited PHIP enhancement. These
effects arise because both of the two alkenic protonsisf
andtransPhCH=13CHPh are magnetically inequivalent due to
the presence of th&C label, and efficiently enhanced NMR
transitions are now observed.

The % conversion obtained afté h was determined by GC/
MS when 2 mg of catalyst was added to a 50-fold excess of
substrate in 1 mL of solvent and the resultant reaction with 3
atm of H, was initiated at 312 K. These data (see Supporting
Information) confirm that (i) the hydrogenation activity is greater
in methanol than CBCl,, (i) 1b favors the formation ofrans
stilbene, and (iii)Lb is more active thada. It also reveals that
lashows a higher degree of<C coupling products. It should

also be noted that, when these reactions were completed in

methanold,, essentially no deuteration of the products was

observed according to the GC/MS fragmentation patterns. In a ,

related study, Cole-Hamilton et al. demonstrated the participa-

6518 J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007

tion of a cationic hydride complex in the formation of methyl
propanoate from CO and ethane. This work was completed in
deuterated methanol, and evidence was presented thdtl/Pd
CH30D exchange was slow relative to propagatibiive will
return to this point later in the manuscript.

The mechanistic routes taken to form these species are now
discussed explicitly.

Inorganic Complex Speciation 1. Reactions of Pd(bcope)-
(OTf)» (1a) with p-H, and Diphenylacetylene in CDBCl,. We
have previously described the finding that, wherniév solution
of lain CD,Cl; containing a 50-fold excess of diphenylacety-
lened;o is placed under 3 atm of 1009%H, at 213 K and
rapidly introduced into a 400 MHz NMR spectrometer, a new
palladium complex is detectéf.The studies now described
demonstrate that this corresponds to the cation [Pd(bcope)-
(CHPhCHPH)](OTf) (2a) and not Pd(bcope)(CHPhGPh)(H)
as originally suggested.

The starting®P{tH} NMR spectrum contains a singlet ét
73.11 due tdla, but the most notable feature of the correspond-
ing IH NMR spectrum ofais the observation of substantially
enhanced proton signals at4.94 ando 3.13, and a further
weakly enhanced signal at 2.92 (Table 2). These signals
contained characteristic antiphase components due to their origin
as protons irp-Hy, proved to be coupled in a COSY spectrum,
and simplified orf’P decoupling®H—3!P heteronuclear multi-
guantum coherence (HMQC) spectra then revealed that this
species yielded tw8'P doublets at) 32.3 andd 42.9 Jpp =
47 Hz). AIH—13C HMQC spectrum produced correlations from
the proton resonance &t4.94 to a'3C signal atd 63.0, with
the remaining proton resonances connecting to a signal at
37.1. We therefore concluded that these resonances arise from
a ligand that is attached to palladium. When this reaction was

(46) Eastham, G. R.; Tooze, R. P.; Kilner, M.; Foster, D. F.; Cole-Hamilton,
D. J. Dalton Trans.2002 1613-1617.
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Table 2. Selected H, 3P, and 13C NMR Data for Complexes 2—7 at 298 K as a Function of Solvent
O o up s%C
in CD,Cl, in methanol-d, in CD,Cl, in methanol-d, in CD,Cl, in methanol-d,
Pd(bcope¥"™ System
2a 4.94 (CHPh); 4.98 (GHPh); 3.06, 32.30, 42.90 (d, 32.20, 43.40 (d, 63.0 CH), 37.1 62.30 (ddJcp=
3.13, 2.92 (Gi,Ph) 2.89 (H2Ph) Jpp= 47 Hz) Jpp= 40 Hz) (Jep=42,14Hz; 54,16 Hz;,CH),
CHz) 35.60 (dd,.]cp:
16, 5 Hz;CHy)
3a 6.75 (dd,Jup = 21.79 (m, trans to 161.2 CPh=),
13.6, 6.8 Hz) vinyl), 39.04 (cis 130.6 &CHyPh)
to vinyl)
4a 6.72 (ddJup = 6.70 (ddJup = 19.70 (trans to 20.17 (m, trans to 129.9 (dJcp=
13.2,5.6 Hz) 12.7,5.2 Hz) hydride), 33.51 vinyl), 33.41 (cis 18 Hz;CPh=),
(cis to hydride) to vinyl) 163.3 (ddJcp=
109, 10 Hz;=CH,Ph)
5a —7.04 (dd,Jup = —6.96 (dd,Jup = 22.33 (dJpp=
223.2,19.0 Hz) 232.3,17.2 Hz) 22 Hz, cisto
hydride), 43.40
(trans to hydride)
6 —6.40 (ddd,]Hp = —6.30 (ddd,]Hp: 28.1, 57.4
190.7,25.3,11.6 Hz)  191.1, 23.8, 12.9 Hz)
Pd(tbcopeft System
2b 4.92 (HPh); 3.02, 4.93 (HPh); 3.03, 70.70 (PBuztrans  70.43 (MBuytrans  63.94 CHPh) 64.0 (d,Jcp=
2.95 (H2Ph) 2.91 (H2Ph) to alkyl), 20.40 to alkyl), 19.81 35.98 CH2Ph) 55 Hz;CH), 34.8
(JPP= 60 HZ) (CHz)
3b 6.72 (dd,JHp =
12.0, 8.9 Hz)
4b 6.61 (ddJup = 6.62 (dd,Jup = 15.11 (dJpp= 128.6 CPh=),
11.4,8.4 Hz) 11.7,8.8 Hz) 42 Hz), 57.62 (d, 163.9 (dJcp=
Jpp= 42 Hz) 101 Hz;=CHPh)
5b =7.77 (dd,JHp = —7.69 (major) (dd, —2.20 (d,JHp = —2.54 (d,JHp =
208.5,9.7 Hz) Jup = 209.4, 8.3 Hz) 24 Hz, trans to 27 Hz, trans to
hydride), 100.96 hydride), 101.92
(d, Jup =27 Hz,
trans to pyridine)
5b' —7.91 (ddJup = —7.84 (minor) (dd,
205.2,13.5 Hz) Jup = 205.5, 13.3 Hz)
7 —-4.21 (ddd,JHH =

18.0 Hz;Jup = 138,
9 Hz; trans to Buy),
—4.71 (ddd Jyn =
18.0 Hz;Jup = 146, 9
Hz; trans to P@H11)

re-examined usingfC=C-enriched diphenylacetylermk,, strong
signals were observed in the one-dimensional, fully coupied
NMR experiment ad 63.0 andd 37.1; the former showed two
31p gplittings of 42 and 14 Hz in addition to a single proton
splitting of 147 Hz. The) 63.0 signal therefore corresponds to
a CH group that is bound directly to palladium. In this spectrum,

the 6 37.1 signal appears as a pseudo-triplet as a consequenc:

of the PHIP effect, with lines of relative intensities 1, 0, and
—1, and therefore it corresponds to a £ioiety Jcy = 130
Hz). This would be consistent with the fact thas-Ph—CH=
CH—Ph has been converted into a CHPh&H group which
is bound to the metal.
In order to explore the reactivity &fa, a series of modified
one-dimensional exchange spectroscopy (1D EXSY) experi- that the proton yielding the resonancea&.13 transfers directly
ments were recorded where a single alkyl proton resonance wasnto free H, while those at 4.94 andd 2.92 move intdrans
selected and magnetization transfer from this site monitored asstilbene. In our earlier repotf,these data were taken to indicate
a function of mixing time. For thed 4.94 peak, strong
magnetization transfer into theans-stilbene signal at 7.18
was observed at 295 K. When the sample was warmed to 313supported by a number of theoretical calculatiéhs.
K, even greater magnetization transfer from & 94 site into
trans-stilbene was seen in conjunction with weaker transfer into (OTf), (1a) with p-H, and Diphenylacetylene in Methanol-
cis-stilbene and into both of the previously described,Bh
proton sites ad 3.13 andd 2.92. When the peak at3.13 was

Scheme 2. Proposed Mechanism for Alkene Isomerization Based
on Neutral Intermediates

N HOPh 4 h, Py M p H. _Ph
o’ ‘H P Ph shH, 7
H ph T2 P H
H H

Ph

selected in an analogous EXSY experiment at 313 K, exchange
into free H, and weaker exchange into freés- and trans
stilbene as well as into th4.94 position oRa, was observed.
However, when the resonance @t2.92 was selected, only
transfer intarans-stilbene was seen. These observations confirm

that2awas an alkyl hydride, even though the hydride resonance
itself was not observed (Scheme 2). This deduction was

Inorganic Complex Speciation 2. Reactions of Pd(bcope)-

ds. (a) ldentification of 2a as the Cation Pd(bcope)-
(CHPhCHPh)*. A sample containind.a, diphenylacetylene-
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Figure 7. (a) '"H NMR spectra for the reaction dfa with diphenylacetyleneho andp-H; in methanoles, showing'H resonances farans-stilbene,cis-
stilbene (in emission), antiphase PHIP signals for the alkyl protor&aoénd an emission doublet of doublets for the vinyl protorBafin the expanded
inset traces, the effect of broadbaH® decoupling (c) on the emission resonancescfestilbene and the vinyl proton dais illustrated (b).

dip, andp-H; in methanold, was prepared and monitored by
NMR spectroscopy. The starting'P{*H} NMR spectrum
contained a singlet ai 72.12 due to the methanol solvate of
la The correspondingH NMR spectrum yielded signals for
the same organic products as observed in@pand enhanced
proton signals due to the palladium-based speZéest 6 4.98,
3.06, and 2.89 that were now of much greater intensity, in

of 2a at 0 32.20 showed substantial broadening, which we
originally took to indicate the presence of such a ligand. The
earlier demonstration of the concomitant elimination gfddd
trans-stilbene from2a, and the fact that the hydrogenation
products contain only additionaH labels, even in methanol-
ds4, were taken as additional indirect proof, but surprisingly, an
alternative, more complex explanation for these observations

accordance with a much higher hydrogenation activity, but there was revealed when we continued to explore the reactivity of

were still no signals seen in the hydride region of tHENMR
spectrum (Figure 7). These three proton NMR signals still

the methanol system.
In the related cationic bis-phosphine complex Pd(1,2A4EH

contained the characteristic antiphase components seemin CD 'Bu,),CsH4)(CH,CHs)™, the ethyl ligand interacts with the metal

Cl, and were all mutually coupled. Now, the PHIP-enhanéed
4.98 signal clearly possesses tdigy couplings of 11.5 and
4.0 Hz and twd*'P splittings of 10.6 and 4.3 Hz, which can be
removed by appropriatéP decoupling. The corresponditg—
3P HMQC spectrum, which utilizes magnetization transfer from
the three enhanced proton resonances, showeé!'Baaoublets
ato 43.40 andd 32.20 (d,Jpp= 40 Hz). Two!3C signals were
also located for this species in methangl-ato 62.30 (dd Jcp
= 54.0 and 16.0 Hz, CH) andl 35.60 (ddJcp = 16.0 and 5.0
Hz, CH,). The chemical shifts of the enhanced proton reso-
nances, and the associaté® and!°C signals of2a seen in
methanold,, are therefore very similar to those seen in
CD,Cl; (Table 2). This suggests thza does not contain bound
solvent.

Species2a is therefore minimally described as Pd(bcope)-
(CHPhCHPh). This moiety would, however, be paramagnetic,

center by an agostic -€H interaction from the3 carbon? An
alternative situation has been reported in related cationic
benzylpalladium systems featuring coordination of the pendant
arene to the metal centéf?

Since the chemical shifts of the alkyl ligand resonances in
2aare remarkably similar in CEZl, and methanodl, coordina-
tion of the solvent or water is unlikefg. Values ofJyc have
been used extensively to assess such agostic intera¢tichs,
and the corresponding protecarbon coupling constants for
the CH andCH, carbons of the alkyl ligand i2a are 151 and
130 Hz, respectively. While these values are similar to those
reported by Heaton et al. for the palladium ethyl syst@ihey
are relatively large for an agostic interaction.

In order to establish the exact nature2af full characteriza-
tion of the proton and carbon resonances for the alkyl ligand is
necessary. An NMR sample d& (3 mg) and proticeis-stilbene

and2amust therefore either be cationic or, as suggested in our (12 4L) in methanold, was therefore prepared, cooled to 258

previous reporf! contain a hydride ligand, which is not

K, and reacted with k(3 atm). The slow conversion dfa

observed. We thought that this situation was not too surprising into 2a was followed by'H and3P NMR spectroscopy. The

since the successful observations of palladium hydride reso-

nances are re|ative|y rare and their appearance is very temper.(47) Hii, K. K. M.; Claridge, T. D. W.; Giernoth, R.; Brown, J. Midv. Synth.

Catal. 2004 346, 983-988.

ature-sensitive. Furthermore, we note that, for the PHIP effect 48) cp,Cl, was carefully dried from calcium hydride and stored with 4 A

to operate in the traditional way for two inequivalent protons,
we need a resolvable H*H* coupling, which in this case would
be vanishingly small for the necessary four-bond Pd(H*)-
(CHPhCHH*Ph) connection. We also recordetiRinsensitive
nuclei enhanced by polarization transfer (INEPT) spectrum
where a hydride coupling should be retained. ¥ieresonance

6520 J. AM. CHEM. SOC. = VOL. 129, NO. 20, 2007

molecular sieves in the absence of light. Methagholvas similarly dried
with iodine and magnesium turnings. When sampledaénd dipheny-
lacetylene were prepared using these solvents, no changes in the chemical
shift of the detected intermediates were observed.

(49) Brookhart, M.; Green, M. L. HJ. Organomet. Chenl983 250, 395-
408

(50) Crabtree, R. HAngew. Chem., Int. Ed. Engl993 32, 789-805.

’ (51) Shultz, L. H.; Tempel, D. J.; Brookhart, M. Am. Chem. So001, 123

11539-11555.
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Table 3. Selected NMR Data Obtained for 2a in Methanol-d, at
258 K

assignment O assignment oBC
a 3.13,2.94 a 355
(Jecp=5Hz)
b 5.11 b 62.7
(Inn =5 Hz, (Jep=12, 44 Hz)
Jup =5 Hz,
Jhc = 144 Hz)
c 119.0
(t, Jep=06 HZ)
d 6.98 d 105.4
(\]HH =5Hz, (d, Jep=14 HZ)
JHP =5 HZ,
Jhc =143 HZ)
e 8.02 e 134.2
(JH(; =162 HZ)
f 7.54 f,h 129.2/132.2
(Jep= 3 H2)
g 7.05 g 129.1
h 7.54 i 141.0
(t, Jcpz 10 HZ)
INE 7.12 INi 128.4
k, k' 7.21 k, K 127.8
| 7.18 | 126.0
Chart 1. Proposed Structure for 2a

8, 43.5

9\

additional NMR data obtained f&a are presented in Table 3.
The most significant feature of thBd NMR spectrum cor-

8p 32.0

two inequivalen®!P centers (Figure 7). When such a sample is
cooled to 275 K, this emission signal grows in strength and
can ultimately be seen as a normal NMR signal from a thermally
equilibrated spin system. In contrast, the associated resonances
for 2a were only visible in the associatétH NMR spectra
because of the PHIP effect. This observation agrees with the
fact that, when &'P{*H} NMR spectrum was recorded, in
addition to the dominant signal fdra, two doublets appeared
atd 39.04 and) 21.75, withJep= 40.0 Hz. In the corresponding
IH—381P HMQC experiment, these signals coupled to tHe
signal atd 6.75, with the former resonance providing the 13.6
Hz splitting.

Before we identify this specie84), we must first comment
on the fact that thé 6.75 signal appears in emission. Such a
situation also occurs for the cis isomer of stilbene, where the
two alkene protons are chemically and magnetically equivalent
and appear at 6.66. In this case, the involvement of an
intermediate in the formation afis-stilbeneis indicated, where
two hydrogen atoms of the origing-H, molecule become
inequivalent but are then transported into the final, symmetrical
environment!® in other words, para-cis-stilbene” is formed.
The binding ofcissCHPh=CHPh to palladium would meet this
requirement, but the corresponding proton resonances of Pd-
(bcope)>-CHPh=CHPh) would be expected to appear around
0 5, and only singleé’P and alkenenié3C signals should be
observed for this specié$253

We therefore proceeded to recoré-a—13C HMQC spectrum
using *C-enriched diphenylacetylertiy to confirm the exact
nature of3a. These spectra were recorded at 313 K and showed
two 13C resonances, ai 130.6 andd 161.2, coupled to the
proton resonance da at ¢ 6.75. The carbon resonancedat
161.2 is indicative of a vinyl carbon signal, but the poor
resolution prevented the detection of diagnostic carbon
phosphorus couplings that would confirm this. Nonetheless, this

responded to the observation of five distinct resonances suggests thaahas the form [Pd(bcopejie-CPh=CHPh)], and

for one of the phenyl rings of the alkyl ligand, which indicates
that there is restricted rotation about the correspondingC
bond. Four of these protons coupled to th&3.531P signal
arising from the phosphorus center, which is cis to the alkyl
ligand in the correspondintH—31P spectrum. The size of the
corresponding ortho-phenyl protephosphorus splitting was
5 Hz. In the correspondintH—13C spectrum, the ortho proton
connected with &%C center aty 105.4 which possesses’#
splitting of 14 Hz; in addition, it showed NOE connections to
the 6 5.11 proton of the alkyl, thereby confirming that the
phenyl group was on the-carbon of the alkyl. The correspond

the remaining coordination site must correspond to either a
hydride ligand if the complex is neutral or methanol if it is
cationic. Furthermore, the emission signal arises from a single
proton that was previously found para-hydrogen. This effect
has been seen before and has been referred to as a one-proton
PHIP3* On the basis of the fact that we have previously
identified cis-Pd(PE$)2(CPR—=CHPh)(H) through enhanced and
coupled hydride and vinyl signals, and that these are not seen
this time, we believe tha&ais the cation [Pd(bcope)is-CPh=
CHPh)(MeOD)](OTf). This species can be observed inyCD
Cl, if 10 uL of methanole, is added to the reacting solution. A

Juc value was determined to be 143 Hz. The ipso carbon of the similar complex can be detected when ethanol rather than

phenyl ring showed a triplet!P splitting of 6 Hz, in accord

methanol is added to the solutiod §.76 at 313 KJyp = 14.6,

with this deduction. These data provide unambiguous 9.2 Hz).

evidence that the palladium center interacts withshgystem
of the arene rather than the-E€1 bond. We therefore conclude
that2ais stabilized by metatring association, as illustrated in
Chart 147

(b) Detection of the Vinyl Complex [Pd(bcope)(CPk=
CHPh)(MeOH)](OTf) (3a). In the early stages of this reaction,
when the catalytic activity of the system is optimal, a weak
emission signal appears as a doublet of doubleistal5 (13.5
and 6.8 Hz) in methanaly; this signal is not seen in COl,.
This new signal becomes a singlet 8 decoupling, and

A series of 1D EXSY experiments were then used to probe
magnetization transfer withirRa in methanold,. Selective
irradiation of the'H signals av 4.98 andd 2.98 led to transfer
into transstilbene. Interestingly, excitation of the remaining
resonance ab 3.06 revealed exchange into the6.75 signal
due to3a and not into free Kl as seen in CELCl,.

(52) Liu, W.; Brookhart, M.Organometallics2004 23, 6099-6107.

(53) Brunker, T. J.; Blank, N. F.; Moncarz, J. R.; Scriban, C.; Anderson, B. J.;
Glueck, D. S.; Zakharov, L. N.; Golen, J. A.; Sommer, R. D.; Incarvito, C.
D.; Rheingold, A. L.Organometallic2005 24, 2730-2746.

consequently the two splittings must arise from interactions with (54) Permin, A. B.; Eisenberg, R. Am. Chem. So@002 124, 12406-1407.
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Figure 9. Hydride region of!H (upper trace) andH{3!P} (lower trace)
NMR spectra obtained during the reactionlaf with diphenylacetylene-
dio, pyridine, andp-H; in CD,Cl, at 313 K. The emission signals for the

ARO : \ ) ! ! J ! ) hydride resonances &a (right) and6 (left) are illustrated.
6.75 6.70 6.65 ppm  6.70 6.65 6.60 PEM

Figure 8. H—1C HMQC NMR spectra, optimized for long-range ) o
correlations, illustrating the connection between the vinylic protorgaof and 6 in methanol. However, whetPN-labeled pyridine was

(left) and 4b (right) and the two vinyl carbon signals. employed, the signal ab —6.96 showed some evidence of
broadening, although a discréf\ splitting was not observed.

In order to test for the presence of bound solvent, in this Nonetheless, speciés is proposed to be the cation [Pd(H)-
case methanol iBa, we decided to add pyridine to the reaction (bcope)(pyridine)](OTf).
mixture. We now describe those results. The correspondingtH—13C HMQC spectrum of4a in

(c) Reactions of Pd(bcope)(OTH (1a) with p-H, and methanolel, obtained using th&C-enriched diphenylacetylene-
Diphenylacetylene in Methanold, Containing 2 uL of d1o, showed two resonances@tl29.9 (d,Jcp = 18 Hz) andd
Pyridine. A methanold, sample ofla containingp-Hy, diphe- 163.3 (ddJcp= 109, 10 Hz). The improved resolution confirms
nylacetylene, and 2L of pyridine was prepared. At the start that thed 163.3 signal corresponds to a vinyl carbon with
of the experiment, thé'P{*H} NMR spectrum contained a  phosphorus couplings that indicate it is bound to palladium
singlet até 57.65, which suggests that the Pd(bcope)(Q@TE) (Figure 8).
converted into the pyridine solvate [Pd(bcope)(pyridifeTT).. Modified 1D EXSY experiments were then used to probe
When the corresponding reaction was monitored 295 K, much magnetization transfer withi@a, and selective irradiation of
weaker polarization was observed, although when the samplethe H signals atd 4.98 andd 2.89 led to transfer interans
was warmed to 305 K2acould be readily characterized. Since stilbene. Interestingly, excitation of the remaining resonance at
the correspondingH and 3P resonances foPa are almost 0 3.06 revealed exchange into the6.70 signal due t@a and
identical to those seen in methardal-or CD,Cl,, we believe thed —6.96 signal due t®a. These data are consistent with a
that2a does not contain pyridine, methanol, or &I, within cationic reaction cycle based 8abeing Pd(bcope)(CHPhGH
its coordination sphere as discussed before. However, we nowPh)(OTf) rather than a neutral cycle based on Pd(bcope)-
see two enhanced emission signals, oné 6t70 (dd,Jup = (CHPhCHPh)(H).
12.7, 5.2 Hz) due t@la and a second ai —6.96 (dd,Jup = (d) Reactions of Pd(bcope)(OTH) (1a) with p-H, and
232.3, 17.2 Hz) due to a new specibs, Both of these proton Diphenylacetylene in CQCl, Containing 2 gL of Pyridine.
signals collapse into singlets upon broadb&Hel decoupling. When the reaction ola with p-H, and diphenylacetylene is
Furthermore, as the reaction progresses, a second hydridemonitored in CRCI, with 2 4L of pyridine, no polarization
resonance, also emissive, appears at6.30 due to6, which was visible until the temperature reached 313 K. The initial
has a doublet of doublets of doublets multiplicity due to coupling 3!P{*H} NMR spectrum contained a singlet@54.30, which
to three3!P nuclei, where the corresponding splittings are 191.1, suggests that the Pd(bcope)(QTi§)converted into the pyridine
23.8, and 12.9 Hz. solvate [Pd(bcope)(pyriding{OTf), prior to the start of the

The 6 6.70 signal of4a couples to two®'P centers which reaction. This species then reacts relatively slowly at 313 K,
appear at 20.17 andd 33.41 in the correspondingH—31P and ultimately the PHIP-enhanced signalabecome visible.

HMQC experiment. These differ from those seen 8arin In addition,'H NMR signals forcis- andtrans-stilbene are again
methanolé,, which appear ab 21.79 and) 39.04, and suggest  observed, but now a doublet of doublets appears@¥2 Jyp
that 4a is the cation [Pd(bcop&)is-CPr=CHPh)(pyridine)]- = 13.2, 5.6 Hz) due t@la and a hydride signal appears at

(OTf). This was confirmed wher®N-labeled pyridine was —7.04 (dd,Jup = 223.2, 19.0 Hz) due t&a. Both of these
employed, since in that case tHe resonance &t 33.41 showed resonances appear as enhanced emission signals, and as the
an extra 17 Hz splitting. This also provides further support that reaction proceeds a second hydride resonance appears at
3ais indeed [Pd(bcope)is-CPh—=CHPh)(MeOD)](OTf). —6.40 due t®b. These spectral features are illustrated in Figure

Unfortunately, because of low signal strengths and short 9. The addition of pyridine to the GICl, solvent system
lifetimes, it was not possible to determine the chemical shift of therefore facilitates the detection of the cationic vinyl and
the phosphorus resonances for the bound bcope ligaé in  hydride products. The lower activity of the @Cl,-based system
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Figure 10. NMR traces from a series of 1D EXSY experiments acquired

during the reaction ofawith diphenylacetyleneho, pyridine, andp-H in
CD,Cl,. Magnetization transfer is seen in traces (a) and (b) fromdthe
4.97 andd 2.87 resonances @fa into trans-stilbene; in (c) the resonance
of 2a, appearing ad 3.10, moves into that ofaatd 6.70 and the hydride
signals ofaand6, and in (d) transfer from thé —7.04 signal oba moves
into the vinyl proton resonance dfa and the hydride signal @.

allowed the PHIP effect to be observed for a longer time, and
hence better-quality NMR spectra could be obtained. The

characterization obawas further secured by the fact thatdts

Scheme 3. Schematic Proposed Mechanism for trans-Stilbene
Formation Based on Cationic Species As Deduced from the New

Observations
D
Ph\_\ (L,\ L
+L w

Sa(L=py)

\<C =CPh

Gﬁ
\L,
/v Pd\ "
\/kﬁ)
2a

3a (L = MeOH)
4a (|- py)

—7.04 hydride signal couples to two phosphorus resonances that

appear ab 22.33 (d,Jpp= 22 Hz) andd 43.4, with the former
providing the large!H-31P splitting and the latter the 19 Hz
coupling.

The weaker hydride signal due 6oat 6 —6.40 was shown
to correlate via the largéyp coupling to a phosphorus center
which resonated ad 28.1 in the corresponding spectrum,

methanold, or CD,Cl, solution containing eithetis- or trans
stilbene no reaction was observed.

() Reactions of Pd(bcope)(OTf) (1a) with p-H, and cis-
Stilbene ortrans-Stilbene in Methanol-ds. When a methanol-
d4 solution oflacontaining eithecis-stilbene oitrans-stilbene
was cooled to 273 K ang-H; added, the associatédl NMR

although in this case we were unable to determine the size ofSPectra showed no polarization effects. The formation and

any of its phosphorusphosphorus couplings, but we did locate
a single cis®’P signal aty 57.4. Under these conditions, when

depletion of the proton resonances associated ®Rdthat 6
4.98,0 3.06, andd 2.89 could be observed to occur over the

the 1D EXSY approach was used to probe magnetization Period of an hour during these experiments. It should be noted

transfer within2a, selective irradiation of théH signals atd
4,97 andd 2.87 again led to transfer inttransstilbene.
However, excitation of the resonance at3.10 revealed
exchange of this proton into the site 4di that gave rise to the
0 6.72 signal and the two hydride resonance$ at7.04 andd
—6.40 of 5a and 6 rather than free K When thed —7.04
resonance was excited, magnetization transfertratts-stilbene
and the hydride signal & was observed. This information is

that there was no evidence in any of these spectra for the
formation of 3a, and even thoughH NMR spectra were
recorded down to 220 K, no hydride signal could be located
for 2a. These two observations make it clear thatpthys a
role in activatingla.
Inorganic Complex Speciation 3. Pducope)(OTf), (1b).

We have completed the analogous experiments with
Pd(bucope)(OTf) (1b) in both CD,Cl, and methanotly. The

portrayed in Figure 10 and a mechanism shown in Scheme 3_0rganic components of the reactions mixtures show behaviors
The sample was then removed from the spectrometer, and bottsimilar to those found fota, and the reactivity again proves to
free bcope ang-H; were added. The hydride resonances due be higher in methanol than inGDl,. The situation is, however,

to 4aand5awere quenched in the resultibiid NMR spectrum,
while those of6 were found to grow in intensity. These results
suggest tha#la is formed from5a via incorporation of free
diphenylacetylene. It also indicates tl&atorresponds to [Pd-
(H)(bcope)f-bcope)](OTf), although the remoté&P center of
the 7-bcope ligand could be bound to palladium.

more complex than was found wifla, because of the reduced
symmetry of the phosphine ligand.

In methanole,, the species which shows the largest polariza-
tion, 2b, yields PHIP-enhancetH signals at 4.93 (m,Jyn =
11.0, 6.0 Hz Jyp = 8.0 Hz,Jyc = 156 Hz),6 3.03 (M,Iyn =
6.4 Hz), andd 2.91 (M,Jyn = 10 Hz,Jup = 5.7, 3.0 Hz,Juc

The addition of free bcope also rapidly stopped catalysis, and = 130 Hz) which are very similar to those 2&

ultimately, a new hydride resonance appeared at10.77, a
phosphorus-coupled quintet, which coupled to a sittecenter

The characterization of speci2b was completed by record-
ing a'H—31P HMQC spectrum which showed, by virtue of the

that was located at 1.4. This signal appeared as a doublet in location of two3'P resonances &t70.43 (d,Jep = 60 Hz) and
the corresponding!P{*H} spectrum when the hydride coupling ¢ 19.81 (d,Jep = 60 Hz) for the'Bu- and cope-substitutedP
was retained. The new species could therefore be the monohy-centers, respectively, th&b contains two inequivalent phos-

dride Pd(bcopeH™, although formation of a higher order cluster
cannot be excluded.

(e) Reactions of Pd(bcope)(OT§)(1a) with cis-Stilbene or
trans-Stilbene Alone.When a sample afawas dissolved in a

phorus centers. On the basis of the fact that decouplidgrat
in the phosphorus spectrum (i.e., tBei,P center) removes the
large 3P splitting seen for the proton signal at4.93 we
conclude that the alkyl ligand lies trans to tH&u-substi-
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tuted phosphorus cente®C—H HMQC experiments, using
13C=C-enriched diphenylacetylerky as the substrate, enabled
the!H resonance a2b, which appears at 4.93, to be connected F— T —

to a'3C signal atd 64.0 (d,Jcp = 55 Hz), while the proton at e e e

0 2.91 for the CH group connected to a signal @t34.8. The

structure o2b shown in Chart 2 reflects an areneoordination 9 5 %6 5 s A

motif similar to that deduced faza. Figure 11. Hydride region oftH (upper trace) NMR spectra of the reaction
When the reaction of Piucope)(OTf) (1b) with diphenyl- of 1b with diphenylacetyleneho, pyridine, andp-H; in CD.Cl, at 313 K.

acetylened;o andp-H, was followed in methanatl; at 298 K, The dominant emission signals are fsiy (right), but those fo5b' and 7

. o . . L ded inset Iso b )
in addition to the signals d?b already described, an emission (expanded inset) can aiso be seen

signal was seen ad 6.72 in the proton spectrum which
possessed two phosphorus splittings of 8.9 and 12.0 Hz. The
formation of [Pd{bucope)(CP#CHPh)(MeOH)](OTf) @b) is
therefore indicated. NMR data f@&b are presented in Table 2
(below). The analogous emission signal was not seen in
CD.Cls.

Inorganic Complex Speciation 4. Pd{pucope)(OTf)
(1b): Effect of Pyridine. A series of analogous reactions in
methanold, and CDCl, with 1b, diphenylacetylene, arghra-
hydrogen in the presence of 2 equiv of pyridine were carried
out. In these experiments, polarized resonances were alway )
seen for the alkyl ligand d2b. Two emission signals were also was only observed in CA21z. .
detected in these reactions, on@&.62 (ord 6.61 in CyCly) NMR _data _for complexe@—7 as a function of solvent are
for 4b (T = 303 K using CDCI; and 295 K with methanadh) summa.\r.lzed in Table 2. ) )
and one ab —7.77 for5b (in CD,Cl,, Figure 11). As expected, Modified 1D EXSY experiments were then recorded in both

the hydride signal possessed a large trans phosphorus coupling®!Vents to probe magnetization transfer witllin Selective
of 208.5 Hz and a small cis phosphorus coupling of 9.7 Hz. Ifradiation of the'H signals ab 4.93 and 2.91 led to transfer
When the signal-to-noise ratio observed for this resonance iNto transstilbene, while excitation of thé 3.03 signal revealed

became substantial, a much weaker second hydride was seeffXchange into thé —7.69 signal due t®b and theo 6.63
at 0 —7.91 6b) with similar multiplicity and Jey values of signal of4b. When thed —7.69 signal was irradiated, transfer

205.2 and 13.5 Hz. into both4b andtrans-stilbene was indicated, although when

The spectroscopic data for these species in both solvents ardhe signal for4b was examined, no chemical activity was
listed in Table 2. The characterization of the vinyl- and hydride- €vident.
based species is also complicated by the symmetry of the Detection of [Pd(bucope)(D)(pyridine)](OTf). When a
phosphine, and, not surprisingly, when 8—3P HMQC sample oflb was examined that had been left in methaspl-
experiment was recorded in GDI,, two mutually coupled with ca. 5 equiv of pyridine for 24 h at room temperature, in
doublets were located fdb at 6 —2.2 (Jpp = 24 Hz) andd the absence of hydrogen or the alkyne, a roughly 1:1 mixture
100.96. The former signal arises from the cyclooctane-sub- of 1band a new species, witfP resonances at positions almost
stituted phosphorus center, while the latter is due to'Bue identical to those seen féb in methanold,, was obtained. The
substituted group. Unfortunately, the weakness of the hydride Signal ato —2.45 in the3!P{*H} spectrum exhibited an extra
signal for5b' prevented the analysis of the corresponditigy 1:1:1 triplet splitting of 30 Hz due to an additional coupling to
information, but when &H NMR spectrum was collected with @ single trans deuterium, which must come from the methanol-
selective phosphorus decoupling aroudd—2.2, the large ds4 solvent. These tw8'P resonances therefore correspond to
hydride—phosphorus coupling was removed for the hydride the deuterated analogue$#, [Pd(bucope)(D)(pyridine)](OTf)
resonance dbb and the small one fdsb'. When this experiment ~ (5b_2H), as shown in Figure 12. As expected, the many-scan
was repeated with irradiation aroudd.00 in the®lP spectrum, 1D proton NMR spectrum showed only a very weak reso-
the reverse happened: the small coupling was removed for thenance ab —7.70 for5b due to trace amounts of protons in the
hydride resonance dib and the large coupling foBb'. We system. Further proof was obtained whéN-labeled pyridine
therefore conclude th&b and5b' are simply isomers that differ ~ was used, since th&'P resonance ab 101.92 showed the
according to the relative orientations of the hydride, pyridine, expected extra coupling due to the trans pyridine ligalad €
and phosphorus ligands. 26 Hz).

A remarkable feature of these experiments is the observation When this sample was removed from the spectrometer and
in CD.Cl;, of a set of weakly enhanced hydride resonances an excess of diphenylacetylene was added to the solution, the

centered ad —4.21 (ddadJyy = —18.0 Hz ,Jup = 138, 9 Hz)
ando —4.71 (ddadJyy = —18.0 Hz,Jyp = 146, 9 Hz) (where

in the multiplicities, “a”= antiphase) (Figure 11). These two
proton resonances proved to be coupled to each other and,
therefore, must correspond to a dihydride species, which is most
likely [Pd(tbucope)(H)] (7). This information indicates that
reduction of palladium(ll) to palladium(0) is possible under the
reaction conditions and provides evidence that a neutral cycle
could be entered in CiTl,, where we have demonstrated the
involvement of specie®—5. It should be noted that compléx
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Figure 12. 3'P{*H} NMR spectra of a methanal; solution of1b after 24

h at room temperature (upper trace), showing a ca. 1:1 mixture of the
methanol adduct dfb [0p 97.53 (PBuy), 17.96 (PGH14)] and [Pd{bucope)-
(D)(pyridine)]* (the inset shows the extra trans deuterium splitting seen
for the 31P—CgHi4 center); and the same solution after addition of
diphenylacetylene (lower trace), indicating the quantitative transformation
of [Pd(bucope)(D)(pyridine)j into 4b.

new 31P{1H} NMR spectrum indicated thaib 2H had been
converted intodb_2H. Not surprisingly, the correspondiri¢i
NMR spectrum did not contain a resonanceda.62 due to
the vinylic proton of4b because the insertion reaction now

Table 4. Rate Constants, Activation Parameters AH* (kJ mol~1)
and AS* (J mol~1 K1), and Free Energy of Activation AG* (kJ
mol~1) for the Elimination of trans-Stilbene from 2a and 2b at 300
K

complex k(s AH* AS* AG¥yp
2ain CD.Cl, 0.18 79+7 5424 77+4
2ain CD.Cl, with 10% methanol 0.21 7& 4 3+16 77+1
2ain CD,Cl, + 2 equiv of py 0.27 7
2ain methanole, 053 42+9 -107+31 75+8
2ain methanolds + py 0.61 76+1 5+3 75+1
2bin CD.Cl, 1.04 9446 69422 73+1

aPoor data? Extrapolated from Eyring plot.

but when methanalk, was used instead, the enhanced signals
decayed too fast to record any data. The corresponding observed
rates () for transstilbene elimination at 300 K, andH*,

AS, and AG*(goo) values, where obtainable, are presented in
Table 4. These data will be discussed in the Conclusions section.

Conclusions

The symmetrical chelating phosphine complex [Pd(bcope)-
(OTf)7] (14), where bcope is (§14)PCH—CH,P(CsH14), and
the lower symmetry complex [PB(Ucope)(OTf)] (1b), where
bucope is (@H14)PCGH4CH,P(BuU),, were prepared and have
been shown to catalyze the hydrogenation of diphenylacetylene.
In this reaction, is- andtrans-stilbene and 1,2-diphenylethane
are the dominant products.

A number of reaction intermediates have been observed and
some kinetic data collected on these two systems that rationalize
this behavior. In the first instance, neitiexnor 1b reacts with
diphenylacetylene directly in these solvents to produce the three
organic products in the absence of hydrogen. However, when
methanold, or CD,Cl; solutions oflaor 1b containing pyridine

involved a PdD bond. When this sample was then degassedare examined, the slow formation of the monodeuteride-

and charged with 3 atm g@iara-hydrogen, emission signals were
seen for the hydride resonance5df, and as well as the vinylic
proton of4b at 6 6.62 and the three protons of the alkyl cation
2b showed the PHIP effect. This indicates that [Bd¢ope)-
(D)(pyridine)](OTf) is able to initiate the hydrogenation reaction.

containing cations [PdgiD)(pyridine)](OTf) is indicated® In
contrast, when Kis added to similar solutions, the formation
of the monohydrides [PdgRH)(pyridine)](OTf) (Ga and 5b)
occurs, even though metharjis present. Examination of the
proton signal for free hydrogen reveals that no HD is present

Furthermore, GC/MS analysis was also undertaken for the after 1 h. This indicates that, undep,Ha and1b can access
organic components produced from the reaction of preformed catalytically active hydride cations of the type that have been

[Pd(bucope)(D)(pyridine)](OTf) with K and a 3-fold excess
of protio-diphenylacetylene (based on the original amount of
1b). Evidence for complete conversion intans-stilbene was
obtained after a reaction time of 5 min, and the ratio gft®
D; isotopomers otransstilbene proved to be approximately
2:1. This information confirms thdb_2H is catalytically active
and that H addition leads to the generation of prob-rather
than5b_2H after5b 2H is turned over.

Quantitative Magnetization Transfer Studies on 2a and
2b. In order to explore the reactivity @aand2b in more detail,

proposed for numerous palladium-catalyzed reactié#8?

When the reactions dfaandl1b with diphenylacetylene and
para-hydrogen in methanal; or CD.,Cl, are examined,
the detection of [Pd(bcope)(CHPhGPO)](OTf) (2a) and
[Pd(bucope)(CHPhCLPh)](OTf) (2b) is achieved. Ir2b, the
alkyl ligand lies trans to th#Bu-substituted phosphorus center.
Crystal structures for the di-aqua complex, [Bd¢ope)(OH)]-
(OTf)2:2(H20), and the methanol solvate, [Pd(bcope)(Me&H)
(OTf),-2MeOH, illustrate the fact that these cations coordinate
effectively to relatively weak donor ligands, and it might be

a series of 1D EXSY experiments were recorded where the alkyl expected that such a situation would be found during catalysis.
protona to the metal was selected, and magnetization transfer The spectroscopic signatures of the two alkyl cations do not,
from this site was monitored as a function of reaction time. however, change with solvent, even when pyridine is added,

We have already indicated that, wh2awas examined in this
way in CD,Cl,, strong magnetization transfer into th@ans
stilbene signal ad 7.18 was observed. This process has been
followed as a function of reaction temperature 2arin several
solvent systems: CiZl,, methanolds, CD,Cl, containing 10%
methanol, and both CITl, and methanot,; containing 2uL

of pyridine. 2b was examined in a similar way using @Cl,,

and to achieve an acceptable 16-electron count, a stabilizing
interaction with the arener system of the alkyl ligand is
suggested from our experimental data. The NMR data support
ann3-benzyl interaction, in accordance with DFT calculations
that have revealed a preference #8tbenzyl interactions over
B-agostic interactions in a related compR&tn addition, a role

for related 3-benzyl complexes has been demonstrated by
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Scheme 4. _Sc_hematic Mechanism Showing Alkene Formation In CD,Cl,, transfer is observed from th& 3.13 site of2a
and Isomerization into bothcis-stilbene and K In contrast, when the analogous
PO process is monitored in methany- magnetization proceeds
(P/Pd\ 1ab from the ¢ 3.13 site into the vinyl proton o8a, [Pd(bcope)-
\?Tf PhC=CPh (CPh=CHPh)(methanol)](OTf). The process by which this
..SolvemH..\ . o interconversion occurs was identified by the addition of pyridine,
P'\ N L _Ph + since magnetization transfer from this site proceeds into [Pd-
. P'\ / \C{/ (bcope)(CPHECHPh)(pyridine)](OTf) 4a), the pyridine-sol-
Ph M p’ Ny |5abL=py) /Pd H vated monohydride [Pd(bcope)(H)(pyridine)](OTHgf, and the
— N P \L related species [Pd(H)(bcopg){bcope))](OTF) €); when free
H Ph 3a,b (L = MeOH) bcope is added, magnetization transfer from this site proceeds
L / 4a,b (L=py) H, only into 6. This confirms that thes-H of the CHPhCHPh
group of2a, which resonates at 3.13, actually transfers first
Ph . H>:< into [Pd(bcope)(H)(L)](OTf), where = methanol or pyridine,
H-{ PH * and then into [Pd(bcope)(CRICHPh)(L)](OTf) via reaction
P\ @\\C H with a fresh molecule of diphenylacetylene. At the same time
/Pd\ Ph that this occurstransstilbene is eliminated fror2a. It proved
P H possible to demonstrate a role featin this process directly by
\ y Ph + showing that magnetization transfer from the hydride site of
-climination o o o 5a proceeds directly into both the vinyl proton site 4d and
\ / K/E;ph B-elimination trans-stilbene.
(P/Pd“‘H H When the corresponding process was examined 2for

magnetization transfer intvans-stilbene was again observed
from two sites of the alkyl, while transfer into either hydride
speciesb or 5b', or the vinyl complexe8b and4b, was seen,

Y @ depending on whether the pyridine was present or not. These

2a,

Ph
\ N e

deductions are summarized in Scheme 4.

It is worth noting at this stage that, remarkably, the single
vinylic CH protons in3 and4 and the single hydride ligand in
5 appear as strong emission signals in the corresponiing
NMR experiments. This is an example of one-proton PHIP and
illustrates the care with whiclp-H, experiments need to be
examined if the correct deductions are to be made, since species
such as [Pd(P(cis-stilbene)] or [Pd(B)(H)2(pyridine)] might
otherwise be invoked. Magnetization transfer experiments
indicated that the kinetic fate 8fand4 could not be determined
because they were unreactive on the NMR time scale.

Nonetheless, these species are not stable under these
conditions and must be involved in the formation of the
hydrogenation products on a longer time scale. The addition of
H, in a slow step to2, the alkyl cation, is necessary if the

Hartwig et al. in the hydroamination of vinylare§&%’ and by
Brown et al. and Brookhart in the Heck reactftt:>8

Evidence for-hydrogen transfer in related palladium bis-
phosphine cations containing an alkyl ligand has also been
presented by Brown et al. during a study of the Heck reaéfion.
They suggest that an undetected palladium alkene hydride
complex is involved in the liberation of the corresponding
alkene.

In the case oRa and 2b, the interaction with the arene
system would need to be broken in order for this to happen.
Scheme 4 shows an alternative formulation for spedes
featuring af-agostic interaction between one of tifeCH
protons of the alkyl ligand and the metal center. The resulting
p-hydrogen transfer is likely to involve an intermediate with a . . . .
fB-agostic interaction, and intermediates of this type have beenforrnatlon of Hrlabeled 1,2-diphenylethane in methanilis

shown to play a direct role in related reactions (i.e., ethylene to be exptlained. ) )
polymerizationp? For the'bucope system, single isomers of both [Bd¢ope)-

Both 2a and2b have, in fact, been shown by EXSY to play (CHPhCHPh)J(OTf) (2b) and [Pdfbucope)(CP#CHPh)-
a direct role in the formation of the two semihydrogenation (PYridine)J(OTf) (4b) were seen, while two isomers of
products. When magnetization transfer from toed of the [Pd(bucope)(H)(pyridine)](OTf)§b and5b’) were detected. In
CHPhCHPh is monitored, the formation dfansstilbene is 20 the alkyl arm is trans to thi8u-bearing phosphorus center,
indicated as the major pathway, although limited exchange into @nd the vinyl group is arranged in a similar way4i, but the
the other two sites is also seen. The tiadd’s of the alkyl opposite is true for the hydride orientation %, where it is
cations are distinct, with magnetization transfer from one trans to the cope-bearing phosphorus center. This information
proceeding intdrans-stilbene and from the other into a number 1S Summarized in Chart 2 and Scheme4H transfer in2b

of distinct sites that depend explicitly on the solvent. locates the new hydride ligand trans to the cope-bearing
phosphorus arm, and loss of alkene and binding of pyridine

(55) Ludwig, M.; Stianberg, S.; Svensson, M.; Akermark, Brganometallics then lead directly tdbb, while binding of the alkyne leads to
1999 18, 970-975.

(56) Nettekoven, U.; Hartwig, J. B. Am. Chem. S02002 124, 1166-1167. 4b if the hydride ligand moves onto one of the unsaturated
(57) Johns, A. M.; Utsunomiya, M.; Incarvito, C. D.; Hartwig, JJFAmM. Chem. alkyne carbons.
Soc.2006 128 1828-1839. i
(58) Rix, F. C.; Brookhart, M.; White, P. S. Am. Chem. So2996 118 2436~ It should also be noted that, when the symmetry-breaking
2448. ; ; ; :
(59) Brown, J. M.; Hii, K. K. M.Angew. Chem., Int. Ed. Engl996 35, 657— phosphinebucope is employed, enhanced hydride signals are

659. also seen for the dihydride complex [Ru(cope)(H)] (7). This
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means that, when G|, is the reaction medium, the formation
of a Pd(0), Pd(ll) reaction cycle involving neutral species is
possible.

This reaction proved to be solvent-dependent, with methanol
leading to higher activities than GDI, for both 1a and 1b,
although1b shows a higher overall activity thaba for the
consumption of diphenylacetylene. This is reflected in the higher
first-order rate constants for the productiortrains-stilbene that
were measured for the bcope system in methapolas
illustrated in Table 4. The product distribution is critically
dependent on the phosphine, with the bcope system forming
substantial amounts of the double hydrogenation product 1,2-
diphenylethane when compared to theicope system (25%
rather than<1% when the complete conversion of diphenyl-

The activation entropy for alkene liberation f&a in
CD,Cl,is =5 4 24 J moi't K=1, which suggests that solvation
effects are relatively limited. As a consequence, the enthalpy
of activation is relatively high, at 79 7 kJ mofl. Upon
changing the solvent to methanol, the activation entropy for
alkene liberation foRafalls to =107+ 31 J moftt K=1, which
suggests that solvation effects become much more important,
in accordance with the fact that methanilis a better donor
than CDCl,. This deduction is matched by the lowering of the
enthalpy of activation to 42 9 kJ mol! in methanolé,.

It is also important to note that GC/MS analysis of the organic
products produced in these reactions revealed proton rather than
deuterium incorporation for reactions involving i methanol-
d4 until 5b_2H was used as the catalyst precursor. This situation

acetylene is achieved). Furthermore, the bcope system alsochanged wheBb_2H was used as the catalyst precursor because

produces more of the dimerization prod&s-1,2,3,4-tetraphen-
ylbuta-1,3-diene than thbucope-based catalyst, although the
level of conversion, at 1%, means that it is not formed in a
significant reaction pathway.

We also know thatla and 1b are stable indefinitely in
CD.Cl,, and in methanol we were successful at crystallizing
la-MeOH. In contrast, whilelb was stable in methanol, it
reacted in methanal, containing pyridine to form the mono-
deuteridebb_2H. We therefore believe that the greater activity
seen in methanol results from the improved efficiency of catalyst
conversion into active species in this solvent.

For 23, the elimination ofransstilbene proceeds in methanol-
d, at a rate of 0.53 ¢ at 300 K, whereAH* = 42 4+ 9 kJ
mol~! and ASf = —107 & 31 J mot! K~1. When the corre-
sponding reaction is completed in @Cl,, the corresponding
rate constant falls to 0.18% while AH* becomes 79 7 kJ
mol~! and ASF becomes 5+ 24 J mot? K1, The analogous
process for2b proved to be too fast to monitor accurately in
methanol, but when CiZl, was employed, the corresponding
rate constant fotrans-stilbene formation is 1.047$ at 300 K,
with AH* =94 + 6 kJ mort andAS = 694 22 I mott KL,

These data match those obtained from the product studies, where

2b proved faster and produced the largest amountsaofs
stilbene.

evidence foPH incorporation into theis-stilbene was observed.
We therefore conclude that the active palladium hydrides are
recycled, as shown in Scheme 4, via reactions involving H
rather than methanals;. The initial formation of5 via oxidation
of the solvent rather thaniaddition cannot, however, be ruled
out?10

The product distribution seems to be related to the lifetime
of the alkyl cation, which is longest fdta, where substantial
amounts of 1,2-diphenylethane are obtained in a reaction which
involves H addition to2. The binding of diphenylacetylene to
either3 or 4, followed by C-C bond formation and the addition
of Hy, is necessary to account for the formatiorsgE-1,2,3,4-
tetraphenylbuta-1,3-diene.
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