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Abstract: Low-coordinate organometallic complexes are important in structure and catalysis, and hemilability
or secondary interactions such as hydrogen bonding enabled by hybrid ligands are receiving increasing
attention. To study the factors controlling these phenomena, three new imidazol-2-ylphosphine ligands, L,
were made. In these ligands, the bulk around P and the hindrance at the basic and potentially coordinating
imidazole N-3 were varied. Remarkably, L,Pd(0) complexes 3a—c were shown to be two-coordinate, 12-
electron species, despite the availability of imidazole N-3 to enter into #2-P,N chelation. In oxidative additions
of C—X bonds to the Pd(0) complexes, reaction rates and products could be controlled by the nature of the
C and X groups and the R groups on the phosphine. Most significantly, whereas 4c-Phl and 4c-MeOTf
from 3c are normal trans-bis(phosphine)Pd(R)(X) species, 5a-Phl, 5a-PhBr, and 5b-Phl from 3a and 3b
were shown by X-ray diffraction to be a monomeric species with a single #%-P,N-chelating phosphine. From
3a and methyl triflate, an ionic complex [6a-Me]*[OTf]~ with one chelating and one nonchelating phosphine
was formed, with temperature-dependent windshield-wiper exchange of the two, showing hemilability. Thus,
large phosphine substituents (R = tert-butyl rather than isopropyl) favor chelation. The chelate Pd—imidazole
N-3 bond is longer when the heterocyclic nitrogen is hindered by an adjacent tert-butyl group at C-4
(comparing 5a-Phl and 5b-Phl). Finally, whereas in [8b-Ph]*[OTf]~ from 5b-Phl and isopropylamine, the
amine coordinates without chelate opening or hydrogen bonding, in [10c-Me]t[OTf]~ made from 4c-MeOTf
and isopropylamine, the amine is not only coordinated at N but also donates a hydrogen bond to each

phosphine imidazol-2-yl substituent.

Introduction

Catalysis by organometallic complexes invariably involves
ligand exchange and transformatidfsThus, it is not surprising
that in the development of organometallic chemistry, an
increasingly important role has been played by two special types

of complexes, low-coordinaté and hemilabile speciés}?

There are textbook examples of the significance of low-
coordinate species: although the ability of Wilkinson’s catalyst
CIRh(PPh)s (an isolable 16-electron complex) to catalyze the
hydrogenation of alkenes was discovered in 1965,t was
not until 8 years later that it was appreciated that the even more
unsaturated 14-electron species CIRh@PRslayed an important

because such complexes readily undergo ligand association c)lrole in the catalysis, being 10,000 times more reactive than its

exchange and can show exceptional reactivity and importance

in catalytic chemistry.
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16-electron precursor toward oxidative addition of hydrotfen.
Similarly, for more than 20 years, Pd(Pfhhas been known

as a catalyst for reactions involving the activation of carbon
halogen bonds in aryl substrates and coupling of the carbon
with other atoms (e. g., Heck and SuZikeactions). However,

in the past 10 years, using sterically demanding and electron-
rich phosphines which are proposed to favor formation of low-
coordinate catalytic intermediaté&s!®the scope of the Suzuki
reaction has been remarkably extended to include aryl chlo-
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rides® and even alkyl halides and related substrates. In
many cases, it is clear that even minor changes in ligand can
make the difference between a high-yielding catalyst and an
inactive one?122.28The extent of interest in new types of ligands
for Suzuki coupling catalysts is exemplified by at least 10
references in 2004 alone on new phosphitfe® with focus
on ones which are sterically demanding and/or hemilabile,
favoring more rapid catalysis. In addition, other catalytie@
C—0, and C-N bond-forming reactions on-€X (X = halide
or sulfonate) are facilitated by using sterically demanding
phosphineg?-44

The large phosphines used have includeeBRis, which can
be used to make the isolable, air-stable species PB[P{],.*>*¢
There is considerable evidence that even this coordinatively
unsaturated species loses a ligand, producing a catalytically
active 12-electromonghosphine intermediafé.!47

Hybrid ligands offer a way to stabilize low-coordinate species
with a weakly coordinating ligand which can readily be removed
from the metal, facilitating catalytic reactions. The most
intensive study has been on hybrid-©- and P-N-based
ligands, which can show large and useful differences in binding
affinity of the soft P and hard O or N donors for a given metal,
which may itself be hard or soft. For example, on related Ni-
(0) complexes, the hybrid ligand-PrLPCHCH,PNMe; af-
forded good yields of organic products, whereas the analogous
chelating bis(phosphine)-PrpPCHCH,P(-Pr), either gave no
or little product?®5° These differences were ascribed to the
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ability of the N donor in the hybrid complex to dissociate from
the Ni(0) center during the catalytic cycle. In addition, the
hybrid, hemilabile ligands in Rh compleX were found to

v T

O—Rh—CO
PR,
A

facilitate the carbonylation of methyl iodide in comparison with
conventional monodentate trialkylphosphines in related sys-
temsS! Effects of oxygen substituents on rate and selectivity
of hydrogenation and hydroformylation have been nét&d.
Among complexes with PN-based hybrid ligands, those with
pyrid-2-yl-modified phosphorus ligands were found to improve
selectivity in hydroformylation of some olefirt$.>*

In this contribution we describe a new group of phosphine
ligands which are sterically demanding because of two large
alkyl groups on P and which are hybrid because the third
substituent is an imidazol-2-yl unit. For comparison, in recent
years, a great deal of attention has been drawn to 2-pyridylphos-
phines3® mainly as bridging ligands; however, despite synthesis
of literally hundreds of their complexes there have been
surprisingly few improved catalysts using such bifunctional
ligands®%-5° By contrast, complexes of imidazolylphosphines
have been much less-studied. Ligands with three imidazole
groups have been used as tridentate; (\ands, bioinorganic
models for three histidines in a protéftr®4 In these species
the phosphorus is not bound to the metal and only serves as a
connecting element. There have been a few reports of imida-
zolylphosphines as bridging liganfs,® bound through both
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P and N, but fewer of mononuclear complexes such as the onesScheme 1. Preparation of Pd(0) Complexes 3
described in this papét 77 > R R
. o T . Cp—Pd— ANN-CHa CHa~ 'S
Our interest in imidazolylphosphines stems from our 2001 P > \g;(N s N:?(

report® of a catalyst for anti-Markovnikov hydration of terminal * CH, CoHls RoP—Pd—PR,

alkynes to aldehydes which was more than 90 times faster than RPN  62-85%
. . . ) 2 0
the best catalyst reported elsewhere in the literature. This species 2 \hl}/ p 3
(2) contains two phosphines of general formBJaach bearing . aR=tBu R'=H
2 R bR=tBu, R' = t-Bu
© CHs ¢R=iPr,R'=tBu
Ph (
HsG o Ru_/ Ph CHs RPN
N\|/P | P\|/N N_/ precursor CpPd(allyl) was used as done by Otsuka éb4l.,
g\/'N N ,\L/g 2 R forming volatile and very soluble hydrocarbon byproducts
H H ; ;
resumed to be isomers of allylcyclopentadiene. These byprod-
tBu tBu aR=tBu,R'=H P yeyeop /P

ucts could be completely and easily removed from crystalline,
nonvolatile3, isolated in 62-85% yield (Scheme 1).
Elemental analyses fda, b, ¢c were consistent with M

an imidazol-2-yl group capable of hydrogen bonding or proton SPECies. Spectroscopic data 81 b, ¢ (Tablesl and 2) were
transfer. In our further studies both publiskednd ongoing, ~ consistent with formation of species with two equivalent
we seek to clarify the effects on organometallic structure and Phosphines mutually trans: th&{*H} NMR spectra exhibited
catalysis of secondary interactions between basic or acidicO"® sharp singlet in each case, and the and *C{'H}
phosphine substituents and other ligands such as water orf€éSonances for_th_e atoms of the alkyl substituents on phos_,phorus
amines. Thus, in this report we describe the preparation of and C-2 of the imidazol-2-yl groups appeared as virtual tn_plets.
several new bulky or chelating imidazolylphosphines, their FOr €xample, the proton resonances fortérébutyl groups in
complexation to both Pd(0) and Pd(ll) centers, and the effects 3@ appeared ab 1.55 ppm (vtN = 13.8 Hz), and the carbon

of the heterocycles on reactivity and binding to amines, which "€sonance for C-2 appeared at 144.6 ppmNv 37.7 Hz)®

is shown to involve hydrogen bonding as a secondary interac- One key question unanswered by the spectroscopic data was

1 CF3S0, bR =tBu, R' = t-Bu

¢R=i-Pr,R'=tBu

tion. whether the imidazole nitrogens were interacting with the metal.
_ _ Intriguingly, for Pd(0) speciesa, b, c, the protons of the
Results and Discussion N-methyl groups resonated as sharp singlets about 1 ppm

Synthesis and Structures of Two-Coordinate Complexes. downfield compared with the free ligands. Additional informa-
Hindered phosphines of typ2 were made by lithiating the  tion about the bonding of the ligands required X-ray diffraction
appropriate 1-methylimidazole derivative withBuLi in THF,79.80 studies.
followed by quenching with the requisite chloro(dialkyl)- Crystals of3awere grown for analysis by X-ray diffraction.
phosphine, as others have done using chloro(diphenyl)phos-The data for refinement are given in Table 5 (Experimental
phine8 Our initial efforts to make Pd(0) speci@sused two Section), selected bond lengths and angles are shown in Table
moles of hindered phosphin@sand Pd(dba) (dba = diben- 3, and the ORTEP diagram of the structure is shown in Figure
zylideneacetone). Monitoring these reactionsblyand 31P- 1
{H} NMR suggested that indeed zero-valent Pd complexes As shown in Figure 1, the Pd(0) compl8a adopted a nearly
were formed cleanly, but efforts to remove the byproduct dba linear configuration (P-Pd—P angle, 174.9, and when viewed
by recrystallization were never completely successful. Some down the P-P axis, the two imidazole rings are essentially
previous literature efforts to make Pghosphine complexes  gauche to each other, rather than anti. Interestingly, both of the
Pd(dba) have led to Pebis(phosphine) species but others have imidazoleN-methyl groups were pointed toward the Pd atom,
led to Pd-phosphine-dba complexe8!82 Thus, the Pd(ll) consistent with agostic interactions. The distances between Pd
atom and H atoms on the-methyl group fell within the range
of M—H distance for agostic interaction (1.85 to 2.4 A).

(68) Done, M. C.; Rther, T.; Cavell, K. C.; Kilner, M.; Peacock, E. J.;
Braussaud, N.; Skelton, B. W.; White, A. Organomet. Chen200Q 607,

©9) 78—?12. ) | ) However, in general, a hydrogen involved in an agostic
69) Bachechi, F.; Burini, A.; Fontani, M.; Galassi, R.; Macchioni, A.; Pietroni, : .
B. R.: Zanello, P.; Zuccaccia, @org. Chim. Acta2001, 323 4554, interaction shows some spectral data resembling those of a metal

(70) Jalil, M. A.; Yamada, T.; Fujinami, S.; Honjo, T.; Nishikawa, Pblyhedron hydride, for example, in upfieltH NMR resonancé4:85or low-

2001, 20, 627-633. . . .
(71) Tejel, C.; Bravi, R.; Ciriano, M. A.; Oro, L. A.; Bordonaba, M.; Graiff, frequency CH stretchlng absorptlons in IR SpeCtra (2300

72 %;,Tlirigiccch_iq, A; ?Auri/r;i, A Orgﬁonaetallli_cslioog 19 st1esilo. 2700 cnm?).86 Evidence against agostic interactions includes the
ejel, C.; Cirlano, M. A.; bravi, R.; Oro, L. A.; Gralll, C.; Galassl, R.; . H H
(72) Bquini, A Inorg. Chim. Acta2003 347, 129-136. 1.0 ppmédownfieldH NMR chemical shift of theN-methyl

(73) Espino, G.; Jalon, F. A;; Maestro, M.; Manzano, B. R.; Perez-Manrique, protons on complexation of the ligand, and normal-kC
M.; Bacigalupe, A. CEur. J. Inorg. Chem2004 2542-2552.

(74) Moore, S. S.; Whitesides, G. M. Org. Chem1982 47, 1489-1493.
(75) Grotjahn, D. B.; Incarvito, C. D.; Rheingold, A. Angew. Chem., Int. Ed. (82) Herrmann, W. A,; Thiel, W. R.; Brossmer, C.; Oefele, K.; Priermeier, T.;

2001, 40, 3884-3887. Scherer, W.J. Organomet. Cheni.993 461, 51-60.

(76) Caballero, A.; Jalon, F. A.; Manzano, B. R.; Espino, G.; Perez-Manrique, (83) The proton and carbon resonances for this complex were assigned using
M.; Mucientes, A.; Poblete, F. J.; Maestro, Rrganometallic2004 23, COSY, HMQC, and HMBC spectra, results summarized in Supporting
5694-5706. Information.

(77) For a recent report on the useMfaryl-2-phosphino(benz)imidazoles as  (84) Brookhart, M.; Green, M. L. HJ. Organomet. Cheni983 250, 395—
ligands in Suzuki couplings and aryl aminations, see ref 38. 408.

(78) Grotjahn, D. B.; Lev, D. AJ. Am. Chem. So@004 126, 12232-12233. (85) Brookhart, M.; Green, M. L. H.; Wonk, L.-LProg. Inorg. Chem1988

(79) Shirley, D. A.; Alley, P. W.J. Am. Chem. Sod.957, 79, 4922-4927. 36, 1-124.

(80) Curtis, N. J.; Brown, R. Sl. Org. Chem198Q 45, 4038-4040. (86) Elschenbroich, C.; Salzer, Rrganometallics: A Concise Introductipn

(81) Paul, F.; Patt, J.; Hartwig, J. Brganometallics1995 14, 3030-3039. 2nd ed.; VCH: Weinheim, 1992.
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Table 1. H and 3'P{1H} NMR Data for Ligands and Pd Complexes?

H

cmpd solvent Im-H5 H4 or Rt at C4 N-CH,3 R.P other ligand(s) on Pd S1p{1H}
2a CDCl; 6.96 (dd, 3,1, 1H) 7.21 (brs, 1H) 3.81(s,3H) 1.18(d, 7, 18H) - 0.5
2b CDCl; 6.63 (d, 3, 1H) 1.27(s,9H) 3.75(s,3H) 1.21(d, 7.2, 18H) - -0.4
2c CDCl; 6.63(d, 2, 1H) 1.26(s,9H) 3.72(d, 1, 3H) 0.96 (d&s 7, 12, 6H) - —19.3

1.08 (ddJ=7, 16, 6H)
2.32 (septofdJ=7, 2, 2H)

3a CeDs  6.31 (s, 2H) 7.30(s,2H) 4.31(s,6H) 1.55 (M= 13.8, 36H) - 32.4(s)
3b CeDs  6.37 (s, 2H) 1.43 (s, 18H) 4.34(s,6H) 1.56 (Mt= 13.8, 36H) - 32.1(s)
3c CeDs  6.34 (s, 2H) 1.45(s, 18H) 4.12(s,6H) 1.22 (dt 7.5, N= 15.0, 12H) — 16.2 (s)

1.29 (dvt,J =6.0,N=12.5, 12H)
2.59 (sept, 7.0, 4H)

4c-Phl CGDs  6.36 (s, 2H) 1.39 (s, 18H) 3.80(s,6H) 1.08 (¥t 7.6,N = 15.1, 12H) 6.62 (t, 7.1, 1H) 13.7 (s)
1.39 (s, br, 12H) 6.87 (t, 7.1, 2H)
2.66 (s, br, 4H) 7.167.18 (m, 2H)

4c-MeOTf CDs  6.39 (s, 2H) 1.39 (s, 18H) 3.60 (s, 6H)  1.14 (it 7.2,N = 14.4, 12H) 0.22 (t, 6.2, 3H) 24.5 (s)

1.23 (dvt,J=8.8,N=16.2, 12H)
3.03 (s, br, 4H)
4c-Mel CD,Cl, 6.78 (s, 2H) 1.27 (s,18H) 3.86(s,6H) 1.15(dv& 7.2,N=14.4, 12H) 0.20 (t, 6.0, 3H) 21.4(s)
1.30 (dvt,J=7.2,N=14.4, 12H)
3.39 (s, br, 4 H)
5a-PhBr CDCk  7.05 (s, 1H) 7.34(s,1H) 3.89(s,3H) 1.43(d, 15.8, 18H) 6.79 (t, 7.2, 1H) 43.5(s)
6.94 (t, 7.2, 2H)
7.37-7.42 (m, 2H)
5a-Phl CDCl, 7.13 (s, 1H) 7.29 (s, 1H) 3.89(s,3H) 1.42(d, 15.8, 18H) 6.80 (t, 7.6, 1H) 36.9 (s)
6.94 (t, 7.6, 2H)
7.25-7.41 (m, 2H)
5b-Phl CDCE  6.73 (s, 1H) 1.37(s,9H) 3.84(s,3H) 1.45(d, 15.6, 18H) 6.73 (t, 7.2, 1H) 29.3(s)
6.91 (t, 7.2, 2H)
7.37-7.42 (m, 2H)

[6a-Me][OTf]~ CDCl;  7.12 (s,1H) 5.18 (s, 1H) 3.97(s,6H) 1:29.73 (m, 36H) 0.95 (t, 5.2, 3H) 32.1(s)
7.29 (s, br, 2H)
CDClz ¢ 7.12 (s, 1H) 5.18 (s, 1H) 3.95(s,3H)  1.29 (M= 14.4, 9H) 0.95 (t, 5.2, 3H) 32.1(s)
7.28 (s, 1H) 7.30(s, 1H) 3.99(s,3H) 1.47 (W= 16.0, 18H)
1.67 (s, br, 9H)
7¢-CH,Cl, CD,Cl, 7.56 (s, 1H) 1.41(s,9H) 3.97(s,3H) 1.25 (dd= 7.5, 18.0, 6H) 4.56 (d, 2.0, 2H, PéN)  65.3 (s)

1.56 (dd,J= 7.0, 19.0, 6H)
2.87 (septof dJ= 7.0, 11.0, 2H)
[8b-PhIf[OTf] ~ CD,Cl, 7.04 (s, 1H) 1.31(s,9H) 3.91(s,3H) 1.41(d, 16.2, 18H) 7.03 (m, 1H) 39.8 (s)
7.09 (m, 2H)
7.41 (m, 2H)
1.27 (d, 6.2, 6H, amine G
2.65-2.77 (m, 1H)
[8aPhJ*[ B(Arg')s]~ CD.Cl, 7.17 (s, 1H) 7.22(s,1H) 3.92(s,3H) 1.41(d, 16.4, 18H) 1.35(d, 7.8, 6H) 45.4 (s)
2.57 (brs, 2H)
3.28 (sept, 6.6, 1H)
7.00 (t, 7.0, 1H)
7.08 (t, 7.2, 2H)
7.29-7.37 (m, 2H)
[9b-Ph[OTf] ~ CD,Cl, 7.10 (s, 1H) 1.34(s,9H) 3.92(s,3H) 1.39(d, 16.5, 18H) 2.74 (dt, 11.0, 12.0, 2H) 42.3(s)
3.04 (d, 13.5, 2H)
3.34 (t, br, 12.0, 1H)
3.50 (t, 11.5, 2H)
3.78 (d, 13.0, 2H)
7.04(t, 7.5, 1H)
7.10(t, 8.0, 2H)
7.39-7.42 (m, 2H)
[10cMe]"[OTf] - CD,Cl, 6.69 (s, 2H) 1.12 (s, 18H) 4.00 (s, 6H) 1:28.38 (m, 24H) 0.51(t, 6.2, 3H) 30.3(s)
2.80-3.05 (m, 4H) 2.95-3.10 (m, 2H)
3.44 (br s, 2H)
6.29 (sl brd, 6, 2H)
7.10-7.22 (m, 3H)
CDCl; 6.93 (s, 2H) 1.11 (s, 18H) 4.04 (s,6H) 12532 (m, 24H) 0.47 (t, 6.0, 3H) 28.8 (s)
2.92 (septet, 6.5, 4H) 3.03(t,7.0, 2H)
3.30 (brs, 2H)
6.33 (sl brd, 7.0, 2H)
7.11-7.20 (m, 3H)
[10cMe]*[B(Arg)s~ CDCls  6.87 (s, 2H) 1.11 (s,18H) 3.94(s,6H) 1:25.32 (m, 24H) 0.50 (t, 6.0, 3H) 30.5(s)
2.89 (sept, 6.5, 4H) 3.00(t, 7.5, 2H)
3.41 (s, br, 2H)
6.20 (d,7.5, 2H)
7.11(t, 7.5, 2H)
7.18(t, 7.5, 1H)

aMeasured at 30C unless otherwise specified. Chemical shifts in pprscale. Unless otherwise stated, value after multiplicity iis Hz. br = broad.
b Peak for H-4 and H-5 overlapping at this temperature but separate8tC. ¢ Measured at-50 °C.
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Table 2. 13C{1H} NMR Data for Ligands and Pd Complexes?
compd C-2 C-4 C-5 Rat C-4 CHgz at N-1 R.P other ligand(s) on Pd
2a 158.4 (s) 129.8 (s) 122.4(s) — 33.3(d, 14 30.1[d, 14, CCH3)3)] —
34.6 (d, 18)
2b 153.2(d, 1) 143.6 (d, 10.4) 115.7 (d, 1.4) 30.4 [sCB§)3)] 34.1(d, 16.8) 30.2[d, 14.1, CH3)3)] —
32.1[s,C(CHga)3)] 33.5[d, 14.1,C(CHs)3)]
2c 153.6 (d, 1) 144.9 (d, 9) 116.2 (s) 30.4 [sGE{3)3)] 33.7 (d, 15) 19.4 (d, 8, CMeMe) —
32.0 [s,C(CHga)3)] 20.1 (d, 18, CHM#&/e)
24.39 (s, on€CHMey)
24.44 (s, othe€CHMey)
3a 144.6 (vt;N=37.7) 130.0 \tN=6.2) 123.6(s) — 37.2 (vt,N=13.8) 31.5 (vtN=11.7) -
36.8 (vi,N = 14.7)
3b 143.3 (vt,N = 36.3) 152.8 (vtN=5.8) 117.4(s) 30.9 (s) 37.2 (W =13.8) 31.6 (vtN=11.8) -
32.5(s) 36.5 (VIN = 14.2)
3c 142.8 (vt,;N = 41.0) 153.4 (s) 117.9 (s) 30.9 (s) 36.0 (broad) 21.2 (s, broad) -
32.6 () 20.2 (s, sharp)
27.4 (vt;N=21.0)
4c-Phl 140.1 (vtN = 67.5) 153.2 (vtN=8.4) 118.2(s) 30.8(s) 37.0(s) 20.5 (s, sharp) 123.8 (s, C-4)
32.4(s) 21.0 (s, broad) 127.5 (s, C-3)
27.7 (vt,N = 26.0) 138.5 (t, 16.3, C-2)
153.2 (t,4.4,C-1)
4c-MeOTf 135.7 (vt;N = 64.9) 154.4 (vtN =8.3) 119.5(s) 30.6 (s) 35.4(s) 19.0 (s) —6.2 (s)
32.5(s) 20.0 (s)
24.9 (vt,N = 24.9)
5a-Phl 147.8 (d, 27.9) 129.9(d, 12.2) 126.2(s) — 36.9 (s) 30.3(d, 6.0) 122.7 (s, C-4)
37.2(d, 6.8) 126.8 (d, 2.3, C-3)
138.3(d, 8.9, C-1)
139.1(d, 4.7, C-2)
5b-Phl 146.6 (d, 30.4) 154.2 (d, 11.6) 119.6 (s) 30.5(s) 36.7 (s) 30.3(d, 5.8) 122.4 (s, C-4)
32.0(s) 37.0(d, 7.8) 126.5 (d, 2.0, C-3)
134.1 (d, 10.6, C-1)
139.0(d, 4.5, C-2)
[6a-Me]T[OTf] ¢ 139.5 (vt,N =56.5) 127.6 (vtN = 13.3) 124.8(s) — 36.6 (s) 30.2(s) —17.2(s)
145.8 (vt,N = 28.8) 130.3 (vtN=18.2) 127.3(s) 37.2(s) 30.4 (s)
36.3 (vt,N=9.0)
36.7 (vi;N=9.5)
38.4 (vi,N = 16.8)
38.6 (vt,N = 18.0)
7¢-CHCl, 147.5 (d, 27.7) 146.2 (d, 8.6) 129.4 (s) 29.1(s) 38.3(s) 19.6 (d, 5.0) 45.1 (d, &HLRY
32.6(s) 20.2 (s)
27.5(d, 24.4)
[8b-Phf[OTf] ~ 145.6 (d, 35.2) 153.5 (d, 10.3) 141.4 (s) 30.4 (s) 37.4(s) 30.3(d, 6.3) 25.7 (s, amipe CH
31.6(s) 37.5(s) 46.5 (s, amine CHN)
121.7 (s, Ph-C4)
124.9 (s, Ph-C3)
128.8 (d, 2.1, Ph-C-2)
136.7 (d, 3.9, Ph-C-1)
[9b-Ph}F[OTf] - 145.5 (d, 36.7) 153.0 (d, 10.0) 143.3 (s) 30.3(s) 37.5(s) 30.3(d, 4.8) 49.3 (s, amine C-3)
31.5(s) 37.6(s) 68.2 (s, amine C-2)
122.1 (s, Ph-C4)
125.2 (s, Ph-C3)
128.6 (d, 2.0, Ph-C-2)
136.6 (d, 3.9, Ph-C-1)
[10cMe]T[OTf]~ 134.2 (vt,N = 56.6) 154.3 (vtN = 11.3) 121.3(s) 29.8 (s) 35.8(s) 19.2 (s) —10.4 (s, Pe-CHy)
31.7(s) 23.9 (ViN = 24.6) 49.1 (s, Ch)
127.7 (s, meta)
128.7 (s, para)
129.5 (s, ortho)
139.8 (s, ipso)
[10cMe]*[B(Arg)a]~ 9 134.3 (vt,N = 56.3) 154.7 (vtN = 10.8) 121.3 (s) 29.7 (s) 35.3(s) 19.1 (s) —10.1 (s, Pe-CHg)
31.8(s) 23.9 (VtN = 24.6) 48.5 (s, Ch

126.8 (s, meta)
128.3 (s, para)
129.0 (s, ortho)
138.8 (s, ipso)

aMeasured at 30C in same solvents as listed in Table 1, £ in the case of J0cMe]*[OTf] ~. Chemical shifts in ppm¢ scale. Unless otherwise
stated, value after multiplicity ig in Hz. br = broad.P Assignment of 33.3 and 34.6 ppm peaks not completely ceftditeasured at 0C. 9 Resonances
for the anion: 148.2 (d of narrow nd,~ 242, ortho C— furthest downfield), 138.2 (d of narrow rd,~ 240, para C- about half the intensity of the signal
at 136.2), 136.2 (d of narrow nd,~ 240, meta C), 124.0 (very broad, ipso C).

stretching absorptions, between 2860 and 29601cmhus,
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avoid steric interactions between the two bul&yt-butyl groups
although Figure 1 shows that the solid-state orientation of the on the phosphorus atom and tidemethyl group on the
methyl groups is consistent with agostic interaction with a 14- imidazole. A similar orientation was seen by Otsuka et al. in
electron metal center, all the spectroscopic evidence lead us tatheir crystal structure oft{Bu,PPh}Pd?¢ and Milstein and co-
the conclusion that there are no agostic interactions betweenworkers recently reported a two-coordinate Pd(0) complex in
Pd and H atoms of thie-methyl groups. Rather, the orientations which the hard ether oxygens are positioned to interact with
seen for the imidazole rings may be a way for the system to the soft Pd(0) center but do n#tClearly, a combination of
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a. Ci5)
)

c21n
C(20A)

Figure 1. Molecular structure of3a. Ellipsoids are shown at 30%
probability.

Scheme 2. Reactivity with Aryl Halides as a Function of
Phosphine |
' C(26)
1 1 K
R\/\N/ SN R
O R R
R,P—Pd—PR,
X=Br, |
CeDe, aR=tBu,R'=H
25°C b R=£-Bu, R' = -Bu ) cie)
cR=iPr,R'=tBu o2
for 3¢ for 3a, b ‘ 2 O
<15 min cen G20 cel  cn
Figure 2. X-ray crystal structures of (afc-Phl and (b)4c-MeOTHf.
tBu £Bu R Ellipsoids are shown at 30% probability. In Figure 2a, carbons C7 and C20
%N/ N — N were disordered over two positions in occupational multiplicity of 0.7 to
N= I N —N N N 0.3, and were treated as anisotropic.
| |
(i-Pr),P—Pd—P(i-Pr), (t-Bu),P—Pd—X
of the two equivalent phosphines was determined BYPaH}
singlet and the appearance of certain proton and carbon
resonances as virtual triplets. For example, the proton resonances
4c-Phl 5a-Phl for methyl group on isopropyl substituent appeared at 1.08 ppm
ggﬁ:?r as doublet of virtual triplet, and the carbon resonance for C-2

of the imidazol-2-yl group appeared at 140.1 ppm Wt 67.5
Hz). Moreover, thé'P{1H} NMR spectrum ofdc-Phl showed
4 singlet, consistent with trans geometry. In confirmation, the
molecular structure as confirmed by X-ray diffraction is shown

structural and spectroscopic data are needed to establish wheth
a potentially coordinating ligand is truly hemilabile.

Reactivities of Pd(0) Complexes with Aryl HalidesIn the in Figure 2a.

coupling reaction between aryl halides and amines, oxidative  5q expected, complesc-Phl features a square-planar Pd
addition of aryl halides is usually involved in the early stage of onter (the sum of the four+Pd-L angles is 362, Table 3),
the catalytic cycle, generally following the dissociation of one ., \vhich both of the phosphine ligands are located trans to
ligand from the catalyst?947 each other, whereas the aryl and halide ligands occupied the
The oxidative addition products are likely intermediates in other two coordination sites. Distortions in this symmetrical but
metal-catalyzed cross-coupling reactions. The low-coordinate, crowded complex include afPd—P angle of 163.71(3) which
electron-rich Pd(0) complexes prepared above were expectednay be ascribed to interactions between isopropyl substituents
to readily undergo oxidative addition with aryl halides. on phosphines and the ring of the phenyl ligand (Figure 2a).
Significantly, for reactions of Pd(0)complex8s, b, ¢ with The reactions of aryl halides with Pd(0) complexdss 3b
aryl halides, reaction rates and product structures could bewith more hindered phosphine ligands are different from that
controlled by changing the X group on the aryl halide and the with 3c. The rate of the reactions was quite a bit slower,
alkyl substituents on phosphorus (Scheme 2). requiring a period of 24 h. lodobenzene reacted somewnhat faster
When the less crowded Pd(0) compléxwas treated with than bromobenzene and gave a better yield; 2% vs 72%.
iodobenzene at room temperature, oxidative addition was Most significantly, the structures of products frd@a and 3b
complete within a remarkably short time, 15 min. The product, were different than that of the product obtained fr8m and
4c¢c-Phl was soluble in benzene and was isolated by recrystal- reactions followed different stoichiometry. The reactionSaf
lization in 71% yield. The molecular formula of the product with either PhBr or Phl or of3b with Phl in GDe were
was confirmed by elemental analysis, and the trans orientation monitored by NMR.
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Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for Complexes 3a, 4c, and 10c

K\ N N )

ZN N/N L N>\/N
/\< 02 | 83 N

N N
TR T

3a 4c, 10c
3a 4c-Phl 4¢c-MeOTf [10c-Me]*[OTH]~ [10c-Me]*[ B(Are")s] ™
R - Ph Me Me Me
L - I OTf NH>CH,Ph NH.CH,Ph
Pd-P(1) 2.2836(4) 2.3430(8) 2.3328(5) 2.3448(7) 2.3387(8)
Pd-P(2) 2.2886(4) 2.3405(8) 2.3356(5) 2.3284(7) 2.3287(8)
Pd-L - 2.6904(3) 2.2161(13) 2.148(2) 2.137(2)
Pd-R - 2.021(3) 2.0436(19) 2.059(3) 2.077(3)
01 173.964(14) 93.00(2) 91.27(4) 94.49(6) 93.59(8)
02 - 88.88(8) 88.78(8) 86.86(9) 87.29(9)
03 - 88.71(8) 89.02(8) 86.81(9) 88.08(9)
A - 91.98(2) 91.48(4) 93.11(6) 92.34(8)
N(Im)—N(amine) - - - 2.883(5), 2.943(5) 2.885(4), 2.920(4)
Surprisingly, as the reaction proceeded, signals for the free clo)

phosphine appeared and grew until all the signals for complex
3aor 3b had disappeared. At the same time, yellow crystals
precipitated out of the solution. The proton NMR spectra of a
solution from the crystals in either GDIl, or CDCk revealed
resonances for a phenyl ligand in the range-&..5 ppm. The
singlet for the thre&-methyl protons on the oxidative addition
products shifted 0.4 ppm upfield compared to that of Pd(0)
complexes. Significantly, the signals for the imidazole ring and
the tert-butyl groups of the phosphine (in the case of reaction D
of 3a with Phl, singlets at 7.13 and 7.29 ppm and doublet at ‘ Cl20)
1.42 ppm) integrated for only 1, 1, and 18 protons, respectively, )
indicating that there was only one phosphine ligand in each
complex; hence, the empirical formula would be (phosphine)-
PdPhl. This composition was verified by elemental analysis in °
each case. However, we needed X-ray diffraction data to assign cn I

the hapt|c|’[y of the imidazo|y|phosphine' the s[ereochemistry Figure 3 Molecular structure obb-Phl. Ellipsoids are shown at 30%
about the metal, and even the nuclearity of the complex. probability.

~Many previous arylpalladium halide complexes V‘gsh asingle  gteric interactions between ligands become especially appar-
hindered ligand, such asd(l)s, have been dimeri€:®’Since gt (Taple 4) in comparing the structure&ztPhl which lacks
the bridging halide palladium dimer has the same ratio of ligands {he jmidazoletert-butyl substituent (B with that of 5b-Phl,
as that of monomeric one, it is not possible to tell one from the ;¢ giscussed. Looking at Table 4, in going fr&e-Phl to
other only based on NMR spectroscopic data. However the 5y, ppj gne sees essentially no change in bond lengths between
X-ray diffraction data oba-PhBr, 5&-Phl, andsSb-Phl showed  pg ang the four ligands, with the important exception of the
that the complexes are indeed monomeric. The structure Ode—N(Im) distance, which is about 0.1 A longer in thert-
complexsb-Phl is shown in Figure 3, and selected bond lengths pty|-supstituted case. Similarly, ligand substitution has the
and angles are shown in Table 4, along with data for Structures|grgest effect orgs, the N(Im)-Pd—I angle, increasing it by
of 5a-PhBr and5a-Phl. The structures of the latter are shown 7 g o going from5a-Phl to 5b-Phl. This movement of the
in Supporting Information. . iodide ligand away from the coordinated heterocycle is com-

Figure 3 §hows thabb-Phl has a distorted square-plana_r pensated by the closing of intraligand angfesand 6, by 3.1

geometry, with the P and N atoms on the chelating phosphine 5,4 3.8, respectively, with the remaining chelate bite angle
ligand occupying two adjacent coordination sites while the o)y changing at all.
phenyl ligand and halide ligand fill the other two, with phenyl Nt |ong after we isolated and resolved the structure of these
trans to the N atom and halide trans to the P atom. The sum of ygnomeric complexes, Hartwig’s group published a structure
the fourllntrallgand angles is equal to 360vthin 'expenmental of a monomeric, three-coordinate T-shaped species (phosphine)-
uncertainty, but the four-membered chelate ring has a narrow pgphx with a hindered phosphiAs in our structures, the

Q

c22) c2

P—Pd—N angle [69.01(5)], creating a large adjacent-\Pd-| phosphine and halide ligands are trans to each other. Their
angle [106.10(5)- structure features the phenyl group located trans to the open
(87) Widenhoefer, R. A.; Zhong, H. A.; Buchwald, S.QrganometallicsL996 coordination site of the metal, whereas ours has the imidazole

15, 2745-2754. nitrogen in this position. The observed geometry of the T-shaped
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Table 4. Selected Bond Lengths (A) and Bond Angles (deg) for Chelate Complexes 5—8

R
~NNR ~(
91 94 >\\(91 94
P—Pd L P—Pd L
/ﬂ 02 19 03 “< 02 ° % 03
5,6,8 7C-CH2C|2
5a-PhBr 5a-Phi 5b-Phi [6a-Me]*[OTH~ 7¢-CH,Cl, [8b-Ph]*[OTH~
R! H H t-Bu H t-Bu t-Bu
R Ph Ph Ph Me Cl Ph
L Br | 2a Cl NH2CH(CHz),
Pd—P(1) 2.2748(6) 2.2936(6) 2.2890(6) 2.3496(5) 2.1878(4) 2.2639(6)
Pd-L 2.4729(3) 2.6245(3) 2.6368(2) 2.3337(5) 2.3769(4) 2.129(2)
Pd—N(Im) 2.170(2) 2.1639(18) 2.2626(17) 2.1735(16) 2.0236(17) 2.198(2)
Pd-R 1.988(2) 1.997(2) 1.995(2) 2.051(2) 2.4124(4) 1.979(2)
01 69.98(6) 69.76(5) 69.01(5) 68.96(5) 86.63(5) 70.14(5)
0, 100.02(7) 100.18(7) 96.60(6) 97.71(6) 91.203(15) 99.01(6)
03 90.47(7) 91.55(7) 88.42(6) 94.13(6) 96.312(15) 86.43(10)
04 99.64(5) 98.50(5) 106.10(5) 99.07(5) 86.02(5) 104.78(9)

aLength of bond between Pd and attached,@hrbon.

system allows the ligand with the greatest steric demand to bind
in the least hindered position and the covalent ligand with the
largest trans effect to bind trans to the open site. A similar
reaction course (loss of one bulky ligand) and geometrical
preference (ligands with highest trans effect i.e. P and aryl C,
cis to each other) was seen recently by Milstein efal.
Comparing reactivities oBa—3c briefly at this point, we

believe that changing steric demands of phosphine substituents

(isopropy!l in3c vs tert-butyl in 3a or 3b) determine not only

the rate of oxidative addition (a phenomenon well-documented
for other complexes elsewhéfebut also the structure of the
resulting oxidative addition products, a bis(phosphine) complex
of type of 4c-Phl or a monophosphine species suctbasor
5b-PhX with chelated phosphine. In addition, more subtle
changes accompany heterocycle substitution. The ability of large
substituents on phosphorus (e.g.=Rtert-butyl in R;PR) to

promote interactions such as cyclometalation between atoms

on R and a metal coordinated to,RR has been seen before,
notably by Shaw and co-worke¥sThe work here shows that
the same effects come to play in hemilabile systems.
Reactivities of Pd(0) Complexes with Methyl Triflate.

Similar to the reaction a3c with iodobenzene, reaction between
3c and methyl triflate was fast and clean at room temperature diffraction data were consistent with the structure (Figure 2b).
(Scheme 3). The produdic-MeOTf is symmetrical, with the
two phosphine ligands trans to each other and the remainingshorter in this complex than ic-Phl, perhaps a reflection of
methyl and triflate ligands trans to each other. In tHeNMR
spectrum, the resonances for methyl groups on each isopropylhis, in4c-MeOTf, the P-Pd—P angle is 173.353(18)whereas
substituent appeared at 1.14 and 1.23 ppm (each a doublet ofn 4c-Phl it is 163.71(3), suggesting greater distortion in the
virtual triplet), and the resonance for methyl protons on-Pd
Me appeared at 0.22 ppm as a triplés = 6.2 Hz). The
product was fairly soluble in benzene, suggesting a neutral required 2 h atroom temperature, several times longer than the
species rather than an ionic one, a proposal confirmed by reaction with3c, consistent with the larger size of the ligands.
observation in the infrared spectrum of an-@ stretch
absorption band at 1316 cthfor a bound triflate rather than
free triflate ion? Elemental analysis and ultimately X-ray

(88) For older examples, see: Tolman, C.Ghem. Re. 1977, 77, 313-348,
and for more recent examples, see: Mann, G.; Shelby, Q.; Roy, A. H.;
Hartwig, J. F.Organometallics2003 22, 2775-2789 and Caporali, M.;
Mdller, C.; Staal, B. B. P.; Tooke, D. M.; Spek, A. L.; van Leeuwen, P.
W. N. M. Chem. Commun. (Cambridg2pP05 3478-3480.
(89) Shaw, B. LJ. Organomet. Chen1.98Q 200, 307—-318.

Scheme 3. Reactivity with Methyl Triflate and Product Structure
as a Function of Phosphine

for 3c
<15 min
t-Bu

—

N=

— o~

OTf \=N

(i-Pr)2P—Pld—P(i-Pr)2
3

(-Bu),P—Pd—R(t-Bu),
| N
CHs

/Nj

[6a-Me] ' [OTH

CHs

4¢c-MeOTf

The average PdP bond lengths irdc-MeOTf are 0.007 A

the smaller sizes of the two anionic ligands. Consistent with

latter complex.
The reaction betweeBa with methyl triflate in benzene

Elemental analysis of the product was consistent with an
oxidative addition product in which the two phosphines were
retained, in distinct contrast to results from oxidative addition
of haloarenes t@a, in which one phosphine was lost. To a
first approximation, the proton and phosphorus NMR data for
the product fronBa suggested a structure similarao-MeOTf,

but the product resulting fror8a was much less soluble in
benzene than the corresponding one fr8m and also the
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Scheme 4. Fluxionality in [6a-Me]*[OTf]—

®
~N ] \_‘
Y
N
(t-Bu),P—Pd—P(t-Bu),
dissociation

il

®
~
[6a-Me] [OTH] /,\/,//\ N Nﬁ

interchange

or (t-Bu),P—Pd—P(t-Bu),
associative

exchange CHs

o @NJ@// B

Figure 4. Molecular structure of§a-Me]*[OTf] ~. Only the cation is shown. (t'B”)ZP_F]d_P(t'B“b

Ellipsoids are shown at 30% probability. CH,

appearance of a strong IR absorption at 1271 csuggested
an ionic triflate rather than a bound offe.

At 30 °C, in CDCk, the'H NMR spectrum (Table 1) showed
a sharp triplet at 0.95 ppm (3H) and a sharp singlet at 3.97
ppm (6H) which were assigned to the methyl ligand on Pd and
the imidazoleN-methyl protons, respectively. One singletdat
32.1 ppm was found in th&'P{*H} NMR spectrum. On the g belong?
basis of the;e NMR data, we would expegt that the strupture of To answer these questions, variable-temperdtay&P{ 1H}
the product is similar to that @fo—lMeOTf, which is symmetrical. and 13C{IH} NMR spectra as well as NOE, DEPT, COSY,
However, for thdert-butyl substltl_Jents on the phosphorus atoms HMQC, and HMBC data were obtained. While the sample
were seen three broad peaks in the range29-1.73 ppm. yemnerature was lowered, the broad signals fortérebutyl

The unysual appearance of these proton resonances, and "@roups in the'H NMR sharpened. At-50 °C, all signals were
comparison Wlth4c—MeOTf, the.d|fferent §o|ub|I|ty and the IR sharp, and the presence of the two different phosphine ligands
absorption led us to question this conclusion. Therefore, we grew,, oo suggested by two singlets fkmethyl protons and four
crystals for X-ray ana]yss. singlets for imidazolyl protons, consistent with the solid-state
The X-ray data (Figure 4 and Table 4) showed that the structure. Rather remarkably,-a60 °C four virtual triplets for

. S . Bieseadin ;
product is the ionic_speciess¢Me]"[OTf] ", indeed quite o 11 substituents were seen, consistent with each large alky!
different from4c-MeOTf, explaining the different solubility and group being in a unique environment both in the solid state

IR absorption spegtra_. Tr_'e four angles around Pd center a'€3nd in solution. Our interpretation of these data is that at lower
added up tq 359?9|nd|cat|ng a square-planar geometry..The temperature the rotation of each ligand about the Paxis is

two phosphine ligands are located trans to each other, with 0negyq\yeq 1o the point where four individual virtual triplets could
phosphine ligand chelating to the Pd center with an imidazole o seen. On the other hand, when the temperature was increased,
N atom and Permethy| I_|gand trans to the coordinated N atom. ¢ yegonances of aromatic protons on imidazoletartebutyl

The angle MPd—P(l_) is small (_68'96 because of the four-_ substituents became broader and started to coalesce, while the
membered chelate ring. The triflate was found as a free i0n oconance for the methyPd ligand protons always stayed
rather than coordinating to the Pd as it doegleiMeOTf, in sharp. However, over the temperature rangi to +55 °C,
accord with solution-phase IR data for both complexes. The only one singlet was detected in tA#{*H} NMR spectrum.
Pd—P bond lengths are significantly longer (about 0.05 A) than The interesting dynamic behavior o64&Me]*[OTf]~ in
those of3a, consistent with increased steric demand about the ¢ 1tion (Scheme 4) can be explained by invoking a windshield-

met.a.l center and reduced back-bonding to the phosp;ines. InWiper exchange of the chelating and nonchelating ligands, either
addition, the Pe-P bond lengths are longer (about 0.05 A) than in a concerted interchange process or through a three-coordinate

in 5a-PhX and5b-Phl, perhaps because (f the higher rans 1 gpaned intermedia@. By simulating the appearance of that
influence of the second phosphine BefMe]*[OTf] . portion of the spectrum for the four imidazole aromatic

_ According to the solid-state structure, the two phosphine . qraqens, we determined for the site exchange of chelating
ligands are inequivalent so that two sets of ligand resonances, nonchelating imidazoles the following parametés= 6
would be expected ifH NMR spectra, and two different | 5 | .ai mol? andAS = —6 + 4 cal mof-: K-19 We are

phosphorus signals would be expected®{'H} NMR spectra.
Our NMR data collected at 3%C did not meet these expecta-
tions: in particular, resonances for imidazole aromatic hydro-
gens appeared broad, and more intriguingly, one of these
resonances had an unusually high-field chemical shift ®f18

ppm, suggesting an unusual environment for this unique proton.
All these unexpected spectroscopic data raised these questions:
Is the structure of the complex in solution the same as that of
complex in solid state? Is there an equilibrium of two or more
species in the solution? To which phosphine (chelated or
unchelated) does the aromatic proton with high-field chemical

aware of only a single recent report on such a process in
imidazolylphosphine complexes, however, without data on the
activation parameter$.There are a few examples in pyrid-2-

ylphosphine chemistry of complexes with one chelating and one

(91) No attempt was made to determine the rotational barriers around the
(90) Stang, P. J.; Huang, Y. H.; Arif, A. MOrganometallics1992 11, 231— P-imidazole axes because of the complications of simulating spectra
237. containing virtual triplets.
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nonchelating phosphine, some without exchéfigéand others Scheme 5
with some evidence of exchan@e?” There are examples of

other hemilabile Pd complexes, for example ones with py-
ridylphosphines in which the heterocycle and the phosphllne are 3¢ N (:Cl
separated by several atofffs1°° or complexes with phosphines y —
containing ethef$! as well as other functional groups. CH,Cl, b pdL
However, in most cases activation energies were not reported, 7/ | "
or in the cases where this information is availa§l&)? the Cl
differences in ligand type or metal preclude any meaningful L -
comparison. Nonetheless, the slightly negative value obtained j (not observed)
for AS" would suggest involvement of either an associative or

interchange ligand exchange mechanism rather than a dissocia-
tive mechanism via intermediai N -

It is surprising that at the low-temperature limit there are four TN N\CHZ
individual proton resonances for each of the faert-butyl P—Pld—CI
substituents; the rotation of the nonchelating phosphine ligand 7/>\ |
about the Pée-P axis must be hindered by the bulkiness of the Cl
tert-butyl groups?! The situation in the solid (Figure 4) suggests 7¢-CH,Cl,

the barrier to rotation in solution.

+ - i i - . . . .
. BecauseQE;\]-I\/lle]_ [OT1]~ features the same I|ga_nd n cf;elakt_ spectroscopic evidence for bonding differences between the two
ing and nonchelating mode and because itis obvious by looking ligands, we note that the magnitude of virtual coupling between

a,t NMR data} shown in Tables 1 and 2 that the.re are ,unusualimidazole C-2 and the two phosphorus nuclei in the unusual
differences in the NMR data for the same ligand in two

dinati q | assi ¢ all d carb chelate ring is about half that in the nonchelated phosphine (
coordination modes, a total assignment of all proton and carbon _ g 5 1 for the signal at 145.8 ppm and 56.5 Hz for the

NMR resonances was made using a combination of several
experiments. A graphical summary of the results is presented
in Supporting Information. HMQC was first used to determine th
the correlation between proton and carbon, then COSY used to
identify which two aromatic protons are in the same imidazole
ring, and finally, HMBC was used locate other pairs of protons
and carbons in each imidazole ring. Once the pairs of proton
and carbon were divided into two sets, the only question then
left was to assign which set belongs to which imidazole, the
one on the nonchelating or chelating phosphine. Although it
was impossible to ensure this last assignment in the absence o
a P-C correlation experiment, it seems reasonable to assign
the unusually high-field proton resonanceba.18 ppm to the
proton on the unusual ring, the one involved in chelation. The
2D-NMR work assigns this proton as being the one next to
nitrogen in the chelating ring. Examination of the solid-state
structure (Figure 4) suggests that this proton is shielded by the
imidazole ring of the nonchelating ligand. In looking for

signal at 139.5 ppm).

Reactivity toward Solvents, Particularly CH,Cl,. Both of

e Pd(0) complexe8a, 3b were quite stable either in solid

state or in the solution, where there was no reaction with solvents

such as benzene, dichloromethane, or chloroform. On the other

hand, initially colorless solutions of the Pd(0) compBowith

less hindered phosphine ligands deposited some dark solid,

presumably Pd black, when left at room temperature for a period

of weeks. Although the major component was still the Pd(0)
omplex, some minor unidentified impurities were detected by

MR. In solution of benzene3c was relatively stable, but in
dichloromethane, a completely new compléxCH,Cl, was
formed (Scheme 5).

Elemental analysis was consistent with the species shown,
and the structure of this new complex was confirmed by X-ray
diffraction data (Figure 5). The novel square-planar Pd(ll)
complex bears two chloride ligands and only one phosphine
ligand which was alkylated with the GHunit from dichlo-

(92) Farr, J. P.: Olmstead, M. M.; Wood, F.; Balch, A.L.Am. Chem. Soc.  fomethane, resulting in a positive formal charge on the alkylated

o3 ﬁ9,83\}0§ '759215(7?8\./ <. Bohra 2.0 © Chem990 389 417 nitrogen and a formally anionic ligand on Pd. The-FRibond
(93) Jain. V. K; Jakkal, V. S.; Bohra, R. Organomet. Cher.999 389 length in7c-CH,Cl, (Table 4, 2.1878 A) is ca. 0.15 A shorter

(94) Nicholson, T.; Hirsch-Kuchma, M.; Shellenbarger-Jones, A.; Davison, A.; than those idc-Phl and4c-MeOTf probably a reflection of
Jones, A. Glnorg. Chim. Actal998 267, 319-322. '

(95) Farr, J. P.; Wood, F. E.; Balch, A. Lnorg. Chem.1983 22, 2, 3387 the weaker trans influence of chloridefe-CH,Cl,. Oxidative

3393. A . ) additions of dichloromethane to Pd(0) species are knt@#4
96) Suzuki, T.; Kita, M.; Kashiwabara, K.; Fujita, Bull. Chem. Soc. Jpn. . . ’
©0) 15;1925J 6|3, 3434‘133442. ashiwabara e, em. See. pn and the X-ray diffraction structure of [GRCH.CH,PCy,]Pd(CH-

(97) Some examples of fluxionality in pyridylphosphine complexes stem from Cl)(Cl) shows Pa&-C = 2 101(9) A Pd&P trans to Ck 2.225-
interchange of two heterocycles attached to the same phosphorus center, : ’ :

for example, in tri(2-pyridyl)- or di(2-pyridyl)phosphines: Wajda-Her-  (2) and trans to CbCl = 2.317(2) A, respectivelj?*
manowicz, K.; Pruchnik, F. PTransition Metal Chem. (Londor)988 . :

13, 101-103, Espinet, P; Hernando, R.; lturbe, G.; Villafane, F.; Orpen, _AnOther interesting structural feature revealed by the data for
A. G.; Pascual, IEur. J. Inorg. Chem200Q 1031-1038. On some clusters, ~ Pd—Cl bond lengths in Table 4 is that the P@l bond trans to

fluxionality even involves disruption of the pyridylphosphine: Deeming, : s
A. J.: Smith, M. B.J. Chem. Soc., Chem. Comma993 844846, phosphine (2.3769 A) is significantly shorter that the—ed

(98) Hessler, A.; Fischer, J.; Kucken, S.; Stelzer,Ghem. Ber.1994 127, bond trans to carbon (2.4124 A)

481-488. . . .
(99) Yang, H.; Lugan, N.; Mathieu, RorganometallicsL997, 16, 2089-2095. A likely mechanism for the formation ofc-CH,Cl, would
(100) ?',33131' 3{%%%1/\-: Nardin, G.; Rigo, Rl. Chem. Soc., Dalton Tran$995 involve oxidative addition of a €Cl bond to Pd(0) as suggested

(101) Lindner, E.; Speidel, R.; Fawzi, R.; ller, \@hem. Ber199Q 123 2255~
2260. (103) Leoni, P.Organometallics1993 12, 2432-2434.

(102) Espinet, P.; Hernando, R.; Iturbe, G.; Villafane, F.; Orpen, A. G.; Pascual, (104) Doehring, A.; Goddard, R.; Hopp, G.; Jolly, P. W.; Kokel, N.; Krueger,
I. Eur. J. Inorg. Chem200Q 1031-1038. C. Inorg. Chim. Actal994 222, 179-192.
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Scheme 6. Amine Binding without Chelate Opening
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Figure 5. Molecular structure ofc-CH,Cl,. Ellipsoids are shown at 30% [8b-Ph]'[OTIT [9b-Ph] [OTTT
probability. No further
. . . b reaction
in Scheme 5, followed by displacement of the remaining chlor- :
ide on carbon by the imidazole nitrogen. It is noteworthy that ®
despite the presence of the larget-butyl group adjacent to \N/ﬁ 1. HoN< \N/\| T
nitrogen, attack on the putative PE&H,Cl intermediate seems fN 2. KB( ArF )4
to occur readily. Formation afc-CH,Cl, from 3¢ may be con- P—Pd— Pd N‘<
sidered a bifunctional double activation of the substrate@i Y /{\ CDZCIZ ?/ )\\
In theH NMR spectrum, the most affected resonance is that
of the imidazole-H which shifted 1.5 ppm downfield from that

of 3c. Similarly, the resonance for protons of the isopropyl 5a-Phl
substituents on phosphorus shifted downfield, whereas the peaks

for the methyl hydrogens on the isopropyl substituents appear

as two doublet of doublets because the methyl groups are [8a-Ph] [B(Arg')4]

diastereotopic. These chemical shift changes may be due to the

two new trans ligands (chlorides) as well as alkylation of the  One way of opening a coordination site in a halopalladium
imidazole ring, which changes the distribution of the formal complex would be to abstract halide ion. Thus, the oxidative

charge on the aromatic ring. addition product with one chelating phosphine ligaiwPhl
Addition of Amines or Other Polar Ligands to Chelated was ionized by silver triflate in dichloromethane (Scheme 6),
Oxidative Addition Products without Opening of the Che- forming a yellow precipitate assumed to be silver iodide. After

late. In the process of coupling between aryl halides and amines, the yellow precipitate was removed, one equivalent of the
the step which follows oxidative addition is believed to be primary amine, isopropylamine was added to the filtrate. The
coordination of the amine to an open site on the Pd center. 3P{'H} NMR spectrum showed there was only one major
Although there was no open site on complegad?hX andsb- species in the NMR solution. After isolation, purification, and
Phl, our expectation was that the chelate ring would open, with characterization, the product was found to Bb-PhI"[OTf] ~
the amine nitrogen coordinating to Pd. We expected that this (Scheme 6a). The elemental analysis data were consistent with
process would be facilitated not only by relief of any strain in the formula (phosphine)Pd(Ph)(isopropylamine)(triflate). The
the chelate but also by hydrogen bonding between one of thestrong absorption at 1270 crhindicated the SO stretch in
N—H bonds of the coordinated amine and the now-free the free triflate ion. A square-planar Pd(ll) cation in this formula
imidazole nitrogen, an interaction we saw between coordinated would reasonably contain a chelated phosphine in addition to
water and imidazole substituent in Ru comple® phenyl and amine ligands. The NMR data were consistent with
Surprisingly, in5a-PhX (X = Br, I) and5b-Phl the chelate this structure though not diagnostic. In thé NMR spectrum,
ring stayed closed when primary and secondary amines werethe resonance for the-\H protons in isopropylamine appeared
added; no binding of amine was detected as evidenced by lackat 2.83 ppm as a slightly broad singlet, whereas ir*tRg!H}
of changes intH or 3P NMR spectral data. The same result NMR spectrum, the singlet at39.8 ppm was shifted 10 ppm
was obtained when # was added. Similarly, when complex downfield from that ofsb-Phl, either because of the change of
[6a-Me]T[OTf]~ was treated individually with isopropylamine, the trans ligand to the phosphorus atom or the overall charge
water, or 2-propanol, the chelate ring stayed closed also, and ifon the metal. We could not tell the precise bonding in the
any coordination of the ligands took place, it was to an product from the spectral data, but the molecular structure was
indetectable extent. clarified by X-ray diffraction. The crystal structure shown in
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Scheme 7. Amine Binding with Hydrogen Bonding
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Figure 6. Molecular structure ofgb-PhJ"[OTf] —. Only the cation is shown. tBu /Ph t—Bu—‘
Ellipsoids are shown at 30% probability. 4c-MeOTf %N\ C\Hz N
+ o N7 THN-HTT SN
. . . . H N/\Ph i-Pr),P—| | —P(j-
Figure 6 demonstrated the binding of isopropylamine, where 2 (-Pr)oP—Fd——P(-Pr),
the Pd-N bond length [Table 4, 2.129(2) A] falls in the range CHs X@
of that in Pd complex with bound ami€>1%[_ooking at Table [10c-Me]* X
4, it is interesting to compare the structureSbfPhl and Bb- X = TO" or B(ATE)s"
PhJ"OTf™: in going from the neutral to the ionic species, the
Pd—P(1) and Pe-N(Im) bond lengths decrease by 0.025(1) and @
0.065(4) A, respectively, with a concomitant increase in the £Bu
P(1)-Pd—N(Im) angle of 1.1(19. The four interligand bond _ &( ph_‘
angles shown in Table 4 change by at most 2with 6, and NN Cl)H
0, together increasing by a total of 3.&8nd the opposite angles (i-Pr)zP—Qd—Nﬁz 2
05 and 6,4 together decreasing by the same amount. These
changes may reflect both the increase in positive charge on the CH; TfO

complex (tightening the chelate) and the reduced size of the
ligand cis to phenyl (from | to ENR). Since amine and phenyl

Iiggnds are located c.is to .ea_ch pthgr, the rglease of arylatedhindered40—MeOTf did react with benzylamine to give an ionic
amine th.rough reductive e!lmlnatlon is concelvabJe..However, product in which the weakly coordinating triflate ion was
the addition of excess amine to pugb{PhJ"[OTf]~ did not replaced by the amine (Scheme 7). When the amine binding
open the chelate ring. reaction was carried out in dichloromethane, orll9¢Me]*-

A product with similar spectral data was obtained when the [OTf]~ was observed and isolated. IR absorption suggested an
secondary amine morpholine was used instead of isopropylamin€jgpic triflate rather than bound triflate, but ultimately X-ray
to react with5b-Phl and silver triflate (Scheme 6a), so that we jiffraction was used to verify the structure (see below).
assume a similar structure9i-Ph]"[OTf] . Interestingly, when the reaction 46-MeOTf and benzylamine

The analogous reaction witha-Phl gave slightly different  was carried out in §Dg, @ mixture containing four species was
results. The use of ionizing agent, silver triflate, and the observed, three being unreactmMeOTf, free phosphinéc,
subsequent addition of amine yielded a mixture with many minor and [L0cMe]*[OTf]~ as shown by!P{H} NMR peaks atd
species. However, when the ionizing reagent was changed t024.4, —17.7, and 28.6 ppm, respectively. The appearance of
potassium tetrakis(pentafluorophenyl)borate [KB{j and free ligand2c and the fourth specie$®®{H} NMR 6 33.4
amine was added prior to the addition of ionizing reagent, the ppm) in a molar ratio of approximately 1 to 1 suggests that the
reaction was cleaner, with a major species assigned structurdatter compound is the monophosphine complétdMe]*-
[8a-Ph]" [B(Ar¢)4~ on the basis of spectral data similar to  [OTf] -, though we were unable to isolate it from this mixture
those of Bb-Ph]"[OTf]~ (Scheme 6b). and it was not characterized further. The nature of hydrogen

In summary, the products from the reactions betwBen bonding in purified L0cMe]*[OTf] ~ was not clearly revealed
Phl, 5b-Phl with ionizing reagents and amine had very similar in its infrared spectrum, which exhibited several weak bands
structures. In the resulting complexes, the amine coordinatedin the region 30063400 cntl.
to Pd as a neutral ligand, oriented cis to the phenyl ligand. In  Therefore, crystals ofl0cMe]T[OTf] ~ were grown for X-ray
the case obaPhl, the sequence of adding ionizing reagents diffraction study, the results of which are shown in Figure 7.
and amine was essential, and the choice of ionizing reagent wasThe two phosphine ligands are located trans to each other, and
important also. the benzylamine is coordinated to Pd trans to the methyl ligand.

Binding of Amines with Hydrogen Bonding. Whereas §a- Significantly, the benzylamine fits into a binding pocket created

Me]*[OTf]~ did not react with an amine, neutral but less by the two heterocyclic phosphine ligands acting as hydrogen-
bond acceptors to the amine. The distances between the amine

[11c-Me]* [OTH

(105) Kumar, J. S.; Singh, A. K.; Yang, J.; Drake, JJECoord. Chem1998 hydrogens and the interacting nitrogens on the imidazole rings
(106) T 2 M. Yub, P Suna. H.: Zhua, S Sua, X Chery.y.  Were 2.05.and 2.09 A which was in the range of N distance
Inorg. Biochem1999 73, 145-149. o involved in hydrogen bondin”
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ci3s)  C34)

Figure 7. Molecular structure of the cation afQcMe]*[OTf] ~. Ellipsoids
are shown at 30% probability.

The same cation could be created in three steps, first by

performing oxidative addition of iodomethane3oto give4c
Mel, in a fast and clean reaction like that with iodobenzene.
Subsequent addition of benzylamine followed by of potassium
tetra(pentafluorophenyl)borate resulted in the formatiorl0&]
Me]*[B(Are)4]~ (Scheme 7). The X-ray crystal structure of this
complex obtained from ED/CH.CI, (shown in Supporting

the Pd-N(Im) bond, yet this is insufficient to allow opening of
the chelate by amines. In fact, in all of the tdit-butylphos-
phino-substituted compounds in this study, the chelate remained
closed when amines were added. Amine binding could be
effected after halide ionization but without opening of the chelate
ring in [8b-Ph[OTf] ~, [9b-PhJT[OTf] ~, and Ba-PhJT[OTf] .
Amine binding involving hydrogen bonding was seen in the
isopropyl series by looking at the crystal structures Hid
Me]*[OTf] ~ and its [B(A)4]~ analogue. The results described
here show the interplay of ligand substituents in determining
ligand hapticity, coordination of other ligands, and secondary
hydrogen-bonding interactions, properties of interest in studying
structure and catalysis of complexes featuring hybrid ligands.

Experimental

General Information. Reactions were performed under dry nitrogen,
using a combination of Schlenk line and glovebox techniqueBsC
was distilled from LiAlH, prior to use, and CDGlwas distilled from
CaH.. NMR tube reactions were performed in resealable NMR tubes
(J. Young).

Unless otherwise specifiedid and °C data were measured at 30
°C on a 500 MHz (499.9 MHz fotH and 125.7 MHz fo3C) and3'P
data were measured on a 200 MHz (80.95 MHZ®&) spectrometer.
IH and3C NMR chemical shifts are reported in ppm downfield from
tetramethylsilane and referenced to solvent resonarteslIR: o
7.16 for GHDs, 6 7.27 for CHCl3, 5.32 for GHD,Cl, and3C NMR:

Information) also showed a hydrogen bond between each amined 128.39 forCeDg 6 77.23 for CDCls, 54.00 for CRClp). *H NMR

N—H and the nitrogen atom on closest imidazole ring. The only
difference betweerlDcMe][OTf] ~ and [LOcMe] T [B(Arg)4] ~

is the anion; thus, the corresponding bond lengths and bond

angles are comparable (Table 4).
Conclusion

A series of three new imidazolylphosphine ligands was

signals are given followed by multiplicity, coupling constaihts Hertz,
integration in parentheses. For complex coupling patterns, the first
coupling constant listed corresponds to the first splitting listed, e.g.
for (dt, J = 3.2, 7.9, 1 H) the doublet exhibits the 3.2-Hz coupling
constanf!P{'H} NMR chemical shifts are referenced to an external
85% HPO, (aq) capillary placed in the solvent. IR spectra at ambient
temperatures were obtained on a ThermoNicolet Nexus 670 FT-IR
spectrometer. Samples were examined §p¢or CD.Cl, solution in

designed and synthesized to probe the effects of phosphorus\acCl cells. Elemental analyses were performed at NuMega Laboratories
and heterocycle substituents on coordination geometry andin San Diego, CA, for the Pd complexes and by Desert Analytics,
ligand hapticity in Pd(0) and Pd(Il) complexes of these ligands. Tucson, AZ, for the ligands. Electrospray mass spectra were obtained
In verification of the HSAB concep the X-ray diffraction on a Finnigan LCQ spectrometer.
and spectroscopic data for Pd(0) comp8axshow that it is a Crys_tallc_)graphlc Work. Data relating to the X-ray structural
two-coordinate, 12-electron species despite the availability of determinations are collected in Table 5. Al data were collected on
! . . . Bruker diffractometers equipped with APEX CCD detectors. All
the _he_terocycllc nitrogens to enter into chelation and the structures were solved by direct methods and refined with anisotropic
proxmn_y of hqugens on thél-methyl groups to enter into g parameters and idealized hydrogen atoms. All software is
agostic interactions. contained in the SMART, SAINT, and SHEXTL libraries distrubted
Oxidative addition chemistry of the two-coordinate Pd(0) by Bruker-AXS (Madison, WI). Complete disclosures about the
complexes3a—3c shows that isopropyl substituents not only crystallographic work may be found in the CIF files in Supporting
allow rapid reaction but also retention of both phosphine ligands Information.
in 4c-Phl and4c-MeOTTf. In contrast, phosphorugrt-butyl Preparation of Di-tert-butyl-(1-methyl-imidazol-2-yl)phosphine
groups slow oxidative addition and lead to phosphine loss and (28)- A 50-mL Schienk flask containing a stir bar was charged with
chelation by the remaining phosphineSa-PhBr, 5a-Phl, and redistilled l-methyI|m|daz_oIe (1.18_ g, 0.014 mol) and dzy, deoxygenated
5b-Phl. Unlike isopropyl-substituted complde-MeOTf, which THF (20 mL). The reaction solution was cooled 78 °C. A 1.6 M
. . . solution ofn-BulLi (9.0 mL, 0.014 mol) was added dropwise, and the
features a metal-bound triflate iotert-butyl-substituted ana-

n . ! . reaction was allowed to stir at78 °C. After 0.5 h, ditert-butylchlo-
logue Ba-Me]*[OTf]~ is ionic because the triflate ligand has  opnosphine (2.57 g, 0.014 mol) was added dropwise. The reaction

been displaced by one imidazole nitrogen in forming a chelate. \yas stirred at-78°C for 0.5 h before warming up to room temperature
Taken together, these results show a strong enforcement ofovernight. Deoxygenated methanol (5 mL) was added, and solvents
chelation by larger substituents R inFR (R’ = imidazol-2- were removed on a vacuum line. Petroleum ether was added to the
yl). This preference is reminiscent of the trends noted in the solid; the mixture was stirred and filtered through Celite under nitrogen.
past for metalation of Rwhen R is large. Comparinga-Phl The filtrate was concentrated to a small volume (about 4 mL) and
and5b-Phl one can see the effects of increasing steric hindrancePurified by radial chromatography on a 4-mm silica plate under nitrogen

at the chelating imidazole nitrogen, notably a lengthening of with hexane/ethyl acetate (8:2). The higffraction was collected and
the solvent was removed on vacuum line. PReewas obtained as

clear viscous oil (2.30 g, 74%). Anal. Calcd foi823N2P (226.30):
C, 63.69; H, 10.24; N, 12.38. Found C, 63.71; H, 10.28; N, 12.34.

(107) Jeffery, G. AAn Introduction to Hydrogen Bondin@xford: New York,
1997.
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ARTICLES Grotjahn et al.

Preparation of Di-tert-butyl-(4-tert-butyl-1-methyl-imidazol-2-yl)- was then added followed by deoxygenated benzene (8 mL). The
phosphine (2b).A 100-mL Schlenk flask was charged withtdrt- resulting dark-red solution was allowed to stir at room temperature.
butyl-1-methylimidazol&® (3.17 g, 0.023 mol) and dry and deoxy-  After 2 d, the reaction was stopped, and the pale orange solution was
genated THF (25 mL), and the resulting solution was coole¢ 78 concentrated to dryness. The residue was redissolved in hot THF/

°C using a dry ice/acetone bath. A 1.6 M solutionreBuLi (13.7 hexanes (approximately 1.5 mL) and then chilled-#80 °C. After 24
mL, 0.022 mol) was added dropwise over 3 min. The reaction solution h, the cold supernatant was removed by pipet, and the colorless crystals
was stirred at-78 °C. After 2 h, ditert-butylchlorophosphine (4.28 g, were washed with cold hexane and dried under vacuum to3yi454
0.024 mol) was added dropwise. The solution was stirred %8 °C mg, 82%) pure by NMR spectroscopic analysis. Anal. Calcd for
for 0.5 h and then allowed to warm to room temperature overnight. CysHsiN4P,Pd (615.12): C, 54.67; H, 8.85; N, 9.11. Found: C, 52.08;
The solution was quenched with deoxygenated methanol (5 mL). H, 8.53; N, 8.74. IR (€D¢): 2955 (m), 2276 (m) cm.
Solvents were removed on a vacuum line, and the resulting solid was  Preparation of trans-Bis(di-isopropyl-1-methyl-4-tert-butyl-imid-
suspended in deoxygenated petroleum ether and filtered through Celiteazol-2-yl-phosphine)Pd(Ph)(I) (4c-Phl).In a reaction vial 3¢ (156
under nitrogen. The filtrate was concentrated to a small volume (5 mL) mg, 0.254 mmol) was weighed, and then deoxygenated benzene (2 mL)
and chilled to—50 °C. Colorless crystals o2b were obtained by was added. The reaction vial was shaken to allow everything to dissolve,
removing the supernatant with a pipet and washing with cold petroleum and a homogeneous solution was obtained. lodobenzene (58.3 mg, 0.286
ether and storing the product on a vacuum line (5.20 g, 81%). Mp mmol) was then added via syringe. The yellow solution was allowed
50—-51°C. Anal. Calcd for GeHaiNoP (282.40): C, 68.05; H, 11.07;  to stir at room temperature. After 2 d, solvent was removed, and the
N, 9.92. Found C, 67.86; H, 11.11; N, 9.81. crude product was recrystallized by slowly diffusing hexane into a
Preparation of Di-isopropyl(4-tert-butyl-1-methyl-imidazol-2-yl)- benzene solution to give yellow crystals (147 mg, 71%). Anal. Calcd
phosphine (2¢).To a stirred solution of 4ert-butyl-1-methyl-imidazole for CaaHsolN4P-Pd (819.15): C, 49.85; H, 7.26; N, 6.84. Found: C,
(2.87 g, 0.021 mol) in dry and deoxygenated THF (25 mL) a 1.6 M 49.52; H, 7.06; N, 6.85. IR (CDg)t 2963 (s), 1562 (s), 1470 (s) ct
solution ofn-BuLi (13.0 mL, 0.021 mol) was added dropwise at room Preparation of trans-Bis(di-isopropyl-1-methyl-4-tert-butyl-imid-
temperature. After 1 h, the solution was cooled-t@8 °C, and a azol-2-ylphosphine)Pd(CH)(OTf) (4c-MeOTf). Palladium (0) com-
solution of di-isopropylchlorophosphine (3.09 g, 0.020 mol) in THF plex3c(73.4 mg, 0.119 mmol) and deoxygenated benzene (3 mL) were
(5 mL) was added dropwise. The solution was allowed to warm to added to a reaction vial equipped with a magnetic stir bar. Methy! triflate
room temperature and stir for 2 h. The solution was then quenched (23.2 mg, 0.141 mmol) was added via syringe to give a slightly yellow-
with deoxygenated methanol (5 mL). Solvents were removed on a colored solution. After being stirred at room temperature for 1 d, solvent
vacuum line, and the resulting solid was suspended in deoxygenatedwas removed, and the solid residue was recrystallized by slowly
petroleum ether and filtered through Celite under nitrogen. The filtrate diffusing hexane into a benzene solution. Yellow crystals (57.5 mg,
was concentrated and purified by radial chromatography on a 4-mm 62%) were then obtained after washing and drying. Anal. Calcd for
silica plate under nitrogen with hexane/ethyl acetate (9:1). TheRigh  CzoHs/FsN4OsP.PdS (779.24): C, 46.24; H, 7.37; N, 7.19. Found: C,
fraction was collected, and the solvent was removed on a vacuum line. 46.63; 6.98; 7.16. IR (§Ds): 2961 (s), 1315 (s) cm.
Pure2c was obtained as a clear oil (3.74 g, 73%). Anal. Calcd for  synthesis of (Ditert-butyl-1-methylimidazol-2-yl-phosphine)Pd-
CiH2NoP (254.35): C, 66.11; H, 10.70; N, 11.01. Found C, 65.49; (Ph)(l) (5a-Phl). In a reaction vial,3a (148 mg, 0.265 mmol) was

H, 10.45; N, 10.50. weighed, and then deoxygenated benzene (3 mL) was added. The
Preparation of Bis(di-tert-butyl-1-methylimidazol-2-yl-phosphine)- reaction vial was shaken to allow everything to dissolve, and a
palladium (0) (3a). Di-tert-butyl-1-methyl-imidazol-2-ylphosphinza homogeneous solution was obtained. lodobenzene (52.8 mg, 0.259

(290.4 mg, 1.28 mmol) was added to a reaction vial containing Cp- mmol) was then added via syringe. The resulting solution was mixed
(allyl)Pd (136 mg, 0.64 mmol) and a magnetic stir bar. Deoxygenated and allowed to stand still at room temperature for 24 h. The yellow
and dry benzene (5 mL) was added to afford a dark-red solution. After crystals which formed were isolated by removing the mother liquor
stirring at room temperature for 2 d, solvent was removed. The resulting using a pipet, washing with benzene and drying under vacuum (134
residue was redissolved in THF/hexanes (about 1 mL) and filtered. mg, 94%). Anal. Calcd for GH,sIN,PPd (536.73): C, 40.28; H, 5.26;
The filtrate was stored in a vial at50 °C. After 24 h, the cold N, 5.22. Found: C, 40.52; H, 5.04; N, 5.31. IR (&): 2967 (s),
supernatant was removed, and the colorless crystals were washed with 712 (s), 1562 (s), 1470 (s) cth

cold hexane and dried to givé@a (305 mg, 85%). Anal. Calcd for Preparation of (Di-tert-butyl-1-methyl-imidazolylphosphine)Pd-

CaaHagN4P2Pd (559.03): C, 51.55; H, 8.29; N, 10.02. Found: C, 51.63; (Ph)(Br) (5a-PhBr). In a reaction vial3a (42.7 mg, 0.076 mmol) was

H, 8.00; N, 9.98. IR (€D¢): 2956 (m) cm™. weighed, and then deoxygenated benzene (1 mL) was added. The
Preparation of Bis(di-tert-butyl-1-methyl-4-tert-butyl-imidazol- reaction vial was shaken to allow everything to dissolve, and a

2-yl-phosphine)palladium (0) (3b).Di-tert-butyl-1-methyl-4tert-butyl- homogeneous solution was obtained. Bromobenzene (11.9 mg, 0.076

imidazol-2-yl-phosphine2b (440 mg, 1.56 mmol) was added to a mmol) was then added via syringe. The resulting solution was mixed
reaction vial containing Cp(allyl)Pd (154 mg, 0.72 mmol) and a and allowed to stand still at room temperature for 24 h. The yellow
magnetic stir bar. Deoxygenated and dry benzene (8 mL) was addedcrystals which formed were isolated by removing the mother liquor
to afford a dark-red solution which was allowed to stir at room using a pipet, washing with benzene, and drying under vacuum (25
temperature. After 2 d, solvent was removed, and the residue wasmg, 72%). Anal. Calcd for GH2sBrN,PPd (489.73): C, 44.15; H, 5.76;
redissolved in hexane (about 2 mL). After filtration, the filtrate was N, 5.72. Found: C, 44.14; H, 5.64; N, 5.77. IR (€Bk): 2927 (s),
stored at—50 °C. After 24 h, the cold supernatant was removed, and 1563 (s), 1471 (s) cm.

the colorless crystals were washed with cold hexane and dried to give Preparation of (Di-tert-butyl-1-methyl-4-tert-butyl-imidazol-2-

3b (278 mg, 62%). Anal. Calcd for gHeN4PoPd (671.24): C, 57.26; ylphosphine)Pd(Ph)(I) (5b-Phl).In a reaction vial3b (121 mg, 0.180

H, 9.31; N, 8.35. Found: C, 57.33; H, 9.08; N, 8.41. IRE): 2959 mmol) was weighed. Then deoxygenated benzene (2 mL) was added.

(m) cm L. The reaction vial was shaken to allow everything to dissolve and a
Synthesis of Bis(di-isopropyl-1-methyl-4tert-butylimidazol-2-yl- homogeneous solution was obtained. lodobenzene (36.5 mg, 0.178
phosphine)Pd(0) (3c)Di-isopropyl-1-methyl-4tert-butylimidazol-2- mmol) was then added via syringe. The resulting solution was mixed

yl-phosphine2c (493 mg, 1.94 mmol) was transferred to a reaction and allowed to stand still at room temperature for 24 h. The yellow

vial equipped with magnetic stir bar. Cp(allyl)Pd (192 mg, 0.90 mmol) crystals which formed were isolated by removing the mother liquor

using a pipet, washing with benzene, and drying under vacuum (104
(108) Lipshutz, B. H.; Morey, M. CJ. Org. Chem1983 48, 3745-3750. mg, 97%). Anal. Calcd for &HsslN.PPd (592.83): C, 44.57; H, 6.12;
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N, 4.73. Found: C, 44.26; H, 5.90; N, 4.76. IR (CRCI2963 (s), Cl, (702.12+ 84.93): C, 42.73; H, 6.02; N, 5.34. IR (GOI,): 2970
1562 (s), 1470 (s) cnt. (m), 1565 (m), 1271 (s) cm.

Synthesis of (Ditert-butyl-1-methylimidazol-2-ylphosphine)Pd- Preparation of trans-Bis(di-isopropyl-1-methyl-4+ert-butyl-imid-
(CH3)[OTH] ([6a-Me] F[OTf] ~. Palladium(0) complexda (76.8 mg, azol-2-ylphosphine)Pd(CHz)(NH,CH,Ph)[OTf] ([10c-Me] T[OTH] ).
0.137 mmol) and deoxygenated benzene (3 mL) were added to aComplex4c-MeOTf (36.0 mg, 0.058 mmol) was dissolved in dichlo-
reaction vial equipped with magnetic stir bar. Methyl triflate (22.5 mg, romethane (1 mL) to give a clear solution. Benzylamine (6.27 mg, 0.058
0.137 mmol) was added via syringe to give a slightly yellow-colored mmol) was added via syringe. The reaction mixture was allowed to
solution. After being stirred at room temperature for 1 d, solvent was stir at room temperature. After 24 h, the solution was concentrated to
removed, and the resulting solid was recrystallized by slowly diffusing dryness, and the resulting solid was recrystallized by slowly diffusing
diethyl ether into a dichloromethane solution. Colorless crystals (65.7 diethyl ether into a dichloromethane solution. The colorless crystals
mg, 66%) were then obtained. Anal. Calcd fogsilugFsN4OsP,PdS were washed with cold diethyl ether and dried under vacuum (33.7
(723.18): C, 43.18; H, 6.83; N, 7.74. Found: C, 43.11; H, 7.13; N, mg, 65%). Anal. Calcd for &§HesFsNsOsP.PdS (885.33): C, 50.14;

7.85. IR (CDC}): 1270 (s) cm. H, 7.51; N, 7.90. Found: C, 50.03; H, 6.54; N, 8.07. IR (CB):
Preparation of (Di-isopropyl-1-methyl-3-methylene-4tert-butyl- 2966 (m), 1270 (s) cnt.
imidazol-2-ylphosphine)PdC} (7c-CH.Cl,). Palladium (0) complex Preparation of trans-Bis(di-isopropyl-1-methyl-4-tert-butyl-imid-

3c (33.3 mg, 0.054 mmol) was dissolved in a vial using dry and azol-2-ylphosphine)Pd(CHs)(NHCH,Ph)[B(Ar¢')s] ([10c-Me]*-
deoxygenated dichloromethane (2 mL). The resulting yellow solution [B(Ar ')4]"). Palladium (0) complexdc (58.3 mg, 0.095 mmol) was
was allowed to stir at room temperature. After 24 h, the reaction solution dissolved in benzene (1 mL) to give a clear solution. lodomethane (13.5
was concentrated to one-third of the original volume, and diethyl ether mg, 0.095 mmol) was added with gentle shaking, giving a slightly
was slowly diffused into the solution. White crystals (19.2 mg, 79.8%) yellow solution. After 20 min, solvent was removed, and dichlo-
were so obtained. Anal. Calcd forgBisCl.N-PPd (445.70): C, 40.42;  romethane was added to the residue to a homogeneous solution.

H, 6.56; N, 6.29. Found: C, 40.24; H, 6.50; N, 6.58. IR (CD): Benzylamine (10.2 mg, 0.095 mmol) was added to the solution followed
2970 (m), 2298 (w), 1712 (s) crh by salt, potassium tetra(pentafluorophenyl)borate (67.3 mg, 0.094
Preparation of (Di-tert-butyl-1-methyl-4-tert-butyl-imidazol-2- mmol). The sequential addition resulted in the formation of a yellow
ylphosphine)Pd(Ph)(NHCH(CH3)2)[OTf] ([8b-Ph] *[OTf] 7). Com- precipitate. After the reaction mixture was filtered through cotton and

plex5b-Phl (46.0 mg, 0.077 mmol) was transferred to a vial containing Celite, the filtrate was concentrated to dryness, and the residue was

silver triflate (21.2 mg, 0.083 mmol). Degassed dichloromethane was recrystallized from a diethyl ether/dichloromethane mixture. Yellow

added followed by isopropylamine (6.25 mg, 0.106 mmol). The reaction crystals were obtained after washing with cold diethyl ether and drying

mixture was shaken, and a yellow precipitate formed right away. The under vacuum (72.7 mg, 46%). Anal. Calcd fogldssBF20NsP.Pd

upper colorless solution was isolated by filtering the suspension through (1415.36): C, 50.88; H, 4.70; N, 4.94. Found: C, 45.26; H, 4.10; N,

cotton and Celite. The filtrate was then concentrated down to a small 4.42. Anal. Caled for @HseBF.oNsP.Pd + 3CH.Cl, (1670.16): C,

volume, and diethyl ether was allowed to diffuse into it to give colorless 45.28; H, 4.34; N, 4.19. IR (CEZl): 2967 (m), 1513 (s), 1464 (s)

crystals (22.6 mg, 56%). Anal. Calcd fopdEl4sFsN3OsPPdS (674.12): cm L.

C, 46.32; H, 6.73; N, 6.23. Found: C, 46.10; H, 6.95; N, 6.22. IR

(CD.Cly): 3327 (w), 2971 (m), 1566 (m), 1270 (s) cin Acknowledgment. D.B.G. and Y.G. thank the U.S. National
Preparation of (Di-tert-butyl-1-methyl-4-tert-butyl-imidazol-2- Science Foundation for partial support under Grant No. 0415783.

ylphosphine)Pd(Ph)(morpholine)[OTf] ([9b-Ph]*[OTf] -). Complex We thank Grant Boldt and Daniel Lev for initial preparations

5b-Phl (21.9 mg, 0.037 mmol) was transferred to a vial containing of phosphine2a—2c, and Dr. LeRoy Lafferty for help with

silver triflate (12.1 mg, 0.047 mmol). Degassed dichloromethane was advanced NMR experiments.

added followed by the addition of morpholine (9.99 mg, 0.115 mmol).

The reaction mixture was shaken, and a yellow precipitate formed right ~ Supporting Information Available: Molecular structures of

away. The upper colorless solution was isolated by filtering the 5aPhBr and u.Oc-Me]+[B(ArF’)4]‘, CIF files for all structures,

suspension through cotton and Celite. The filtrate was then concentratedand summary of 2D-NMR data used in identificatior3af 3c,

down to a small volume, and diethyl ether was allowed to diffuse into and pa-Me]* OTf~. This material is available free of charge

it to give colorless crystals (15.6 mg, 76%). Anal. Calcd for via the Internet at http://pubs.acs.org.

Co7HasFsN3O4PPAS (702.12): C, 46.19; H, 6.46; N, 5.98. Found: C,

42.51; H, 5.56; N, 6.15. Anal. Calcd fory@145FsN3OsPPdS+ CH,- JA054779U
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