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Abstract: A new class of optically active heterobimetallic complexes is described. The
complexes L*MCl; (M = Pt(Il), Pd(II), L* = C;-symmetric boron-containing bisphosphine
ligand) and [Rh(cod)L*)]C1O04 (cod = 1212-1,5-cyclooctadiene) were synthesized as possible
templates for asymmetric catalytic reactions that involve substrate precoordination to a Lewis
acidic site remote from the transition metal reaction site. Primary amines were found to bind
reversibly via a B-N interaction to the free ligands L*. 'H NMR measurements revealed that the
binding constant of representative primary amines to L* could be tuned through variation of the
electronic properties of the substituents covalently bound to boron.

Asymmetric catalytic processes, whether biological or synthetic, involve multi-step mechanisms that
often include reversible substrate precoordination to the catalyst prior to the enantioselectivity-determining
transformation. In such processes, the intramolecular nature of the key step reduces the degrees of freedom in
the transition state and is thus critical to the achievement of high stereoselectivity. Extremely successful
examples of synthetic enantioselective and diastercoselective catalysts for directed group transfer to
functionalized substrates have been developed.? However, single small molecule catalysts that fanction on the
principle of substrate precoordination are generally restricted with regard to substrate scope if the same metal
that catalyzes group transfer to the substrate mmst also act as the precoordination site.4 In these cases the types
of functionalized substrates capable of binding to the catalyst are narrowly defined by the catalytic reaction.

A related strategy for achicving high stereoselectivity in group transfer to functionalized substrates
involves the use of multifunctional catalysts with available sites for substrate precoordination other than the
reaction center itself. This approach, which is commonly exploited by enzymes, has also been incorporated
into synthetic catalyst design in complexes bearing a chiral bis-phosphinoferroceny! unit with a pendant amine
terminus.5 In these catalysts, the phosphine groups coordinate to a catalytically active low-valent transition
metal, while the amino group is capable of directing approach of the substrate through hydrogen bonding to a
functional group. Analogs of this ligand have been applied in highly selective asymmetric hydrogenations.6
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aldol reactions,? and allylic nucleophilic substitution reactions.8 Although limited to substrates capable of
hydrogen bonding, these-¢atalysts provide the first successful examples of synthetic asymmetric catalysts in
which selectivity ariseg As a result of substrate precoordination to a functional group away from the
catalytically active meta] center. Generalization of this strategy to include other modes of substrate
precoordination would clgarly be valuable.?

In this paper we edscribe the preparation of chiral heterobimetallic complexes 1-3 from the tartrate-
derived chiral diphosphiae diop (2,3-0-isopropylidene-2,3-dihydroxy- 1,4-bis(diphenylphosphino)butane). 10
Complexes 1-3 incorporte both hard and soft Lewis acidic environments that are chemically isolated in a
rigid matrix. They thus gerve as possible templates for directed catalytic reactions of alkenes bearing hard
Lewis basic functional groups.
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Results and Discussion

Ligand Design and Syntheyis. The choice of ligands for the chiral heterobimetallic complexes in this study
was predicated by the pasemise that a conformationally rigid dissymmetric bridge would best facilitate
cooperation between the two metals. Bisphosphinodiol § (eq. 1) fulfills the criterion of rigidity due to its
ability to chelate to twa different Lewis acidic metals simultaneously, and it also has the appealing
characteristic of being reddily accessible in either enantiomeric form.!! The 1,2-diol functionality in § is
ideally suited for coordination to a variety of early transition metals or highly electropositive main group
metals. Several complexes of 5§ with titanium, aluminum, and boron were examined, although the latter
proved to be the most trastable and kinetically non-labile. In particular, arylboronate esters were selected for
further study because of iheir observed stability and since these Lewis acidic groups are well-precedented to
reversibly bind amines.!2% Amino olefins might then be targeted as potential substrates for two-point binding
to bimetallic derivatives & § (e.g. Figure 1). Finally, the acidity at boron could in principle be fine-tuned by
appropriate aryl substitutjon.

Figure 1. Propostd interaction of alkenamines with transition metal complexes derived from 4.

The arylboronatebiisphosphine ligands 4a-c were generated in good yield by mixing equimolar
amounts of the appropristt arylboric acid or anhydride with § (eq. 1). Compounds 4a-c were isolated as
colorless crystalline solidsiand were found to be stable to the atmosphere for weeks in the solid state.
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Binding Studies with 4. Reversible binding between various Lewis bases and the free ligands 4a-c was probed
by TH NMR spectroscopy. Dilute CDCl3 solutions (0.04 M) of ligand were titrated with aliquots of 1-
hexanol, 2-pentanone, N,N-dimethylhexylamine, N-neetylhex;lamineandhexylamine. Of these, only addition
of hexylamine resulted in significant changes in the spectrum of 4. The chemical shift of the resonance due to
the methine protons of 4 was monitored as a function of Lewis base concentration. Titration with hexylamine
induced an incremental upfield shift in this resonance, indicating a rapid, reversible association between boron
and nitrogen. Titration of diop with hexylamine produced no corresponding upfield shift, thus showing that
the interaction between the amine and 4 indeed involved coordination to the boron center.
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Figure 2. Chemical shift of the methine proton in 4 (0.3 M) vs. hexylamine concentration at 19° C in CDCl3.
4a A; 4b ®;4c O.

Binding constants were calculated using the method of Higuchil4 from data in Figure 2 where [amine]
2 10 x [ligand]. For 4a, 4b, and 4c the calculated Kq values were 0.5, 1.5, and 3 M-, respectively. Thus,
although binding was found to be rather weak in all cases, it correlated well with the electronic properties of
the arylboronate group.

Rhodium Complexes. On the basis of the observed binding between 4 and primary amines, cationic Ri(T)
complexes of 4 were prepared as possible catalysts for asymmetric transformations of prochiral olefins which
bear remote (separated by > 3 carbons) amine functionality. The synthesis of complexes 1a-¢ was carried out
from [RhCl(cod)]213 by applying a modification of the method described by Tani et al. for the synthesis of the
corresponding (binap)Rh complex. 16 (eq. 2). Complexes 1a-c were isolated as orange-yellow powders in high
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yield after precipitation from acetone solution with diethy! ether. The complexes slowly decomposed upon
standing in air and were thys manipulated under a nitrogen atmosphere using dry solvents.

+*
RPN
COD)RNCI, + AYCIO, _;_r"';_"'_". - . x-O—a:j:: "':l(oon) ;- )]

1b, X = Cl, 88%
16, X = CF, 80%

The interaction between rhodium complex 1 and model substrates was monitored by 1H NMR
spectroscopy. Simple molgcular modeling analysis indicated that in order to bridge the two metals, a substrate
should contain at least 3-4tmethylene groups separating the amine from the alkene group (Figure 3); in order
to guarantee enough flexitillity in the bridging unit, 5-hexen-1-amine 617 was selected as a model substrate,

Figure 3. Chem 3D modd} of & proposed chelating interaction between 4-penten-1-amine and 2a (hydrogens
omitted for clarity). The owordinates for 2a were derived from those of the corresponding DIOP complex.20

Titrations were cagried out with [1b] = 0.04 M and the chemical shift of the internal vinylic proton of
the aminoalkene was monitored as a function of concentration of 6 (Figure 4). The methine resonances of the
ligand were obscured by me vinylic cod resonances, so these conld not be monitored accurately. A strong
upfield shift was observe:i in the alkene resonances of 6 as the concentration approached that of 1b. As excess
alkene was added, the ciemical shift re-approached that of free 6. Titration of Rh(cod)(diop)C104 with €
resulted in similar behavior, except that the observed upficld shift of the vinylic protons of 6 was significantly
smaller (Figure 4). The;msature of the olefin-rhodium interaction is expected to be very similar in 1b as in
Rh(cod)(diop)C104. Thps, although the magnitude of chemical shift does not reflect the binding strength
directly, binding betwee$ and the cationic rhodium complex 1b appears to be enhanced by the presence of
the Lewis acidic boron cénter. Given that 1-hexene exhibited no measurable binding to either Rh complex,
the interaction of 6 and Ri(cod)(diop)ClO4 appears to involve chelation of the amine and the double bond to
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Rh, While a similar interaction may be taking place in binding to 1b, the apparently enhanced binding to the
boron-containing complex strongly suggests that a direct B-N interaction is involved.
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Figure 4. Chemical shift of the internal vinylic proton of S-hexen-1-amine vs. concentration in the presence

of 0.04 M of rhodium complex. 1b A; Rh(cod)(diop)ClO4 O.

Platinum and Palladium Complexes. The most efficient method for preparing the P&(I) and Py(T) dichlorides
2 and 3 was found to be by ligand exchange of the cod complex (eq. 3). Alternatively, the dichloroplatinum
complex of 4a was prepared in 52% yield directly from K2PtCly and the ligand by refluxing in xylenes
overnight.13 The palladium complexes 2a and 2b were also prepared from PdCl2(PhCN)21° in 65 % yield
and 39% yields, respectively, according to the method of Consiglio.20

. L atse” ®
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The platinum complexes are colorless, air stable solids, and the comresponding palladium complexes
are pale yellow and also air stable. In general the platinum complexes are more soluble in polar aprotic
solvents than the palladivm complexes, and for a given metal solubility decreases as the boron acidity
increases. The solubility of complexes 2¢ and 3¢ was less than 1 mg/mL in chioroform at room temperature.

The 31P NMR chemical shifts of complexes 1-3 provide compelling evidence that the two Lewis acidic
sites in each complex are well separated and do not interact. Thus, for a given metal, the 31P NMR chemical
shifts are essentially unaffected by the aryl substituents on the arylboronate group (Table 1).
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Table 1. 31P NMR chemicpl shifts of complexes 1-4

metal
Ligand Rh(D Pd PL(D
4a 244 14.0 (144) 19.2 0.8 (3527)
4b 242 13.8 (145) 19.0 0.8 (3527)
4c =243 140(149) = 190  08(3527)

& Spectra of compi¢kes 1-3 measured in CD2Cl3. Spectra of free ligands 4 measured in CDCl3.

The most soluble uf these complexes, 3a, was sclected for binding studies, and 31P NMR was used to
monitor its interaction widh selected amines. The unsaturated amine 6-hepten-1-amine 9, was prepared from
the corresponding nitrile 10, and was used to titrate a 0.02 M solution of 3a in CD,Cl; at room temperature.
Although binding betweag 3a and 9 was observed, it appeared to involve only interaction of the amine group
with platinum. This wa4 deduced from the observation that titration of 3a with hexylamine resulted in
identical chemical shift differences. Thus, the cooperative binding effect of unsaturated amines that was
apparent with rhodium camplex 1b does not seem to extend to the analogous platinum series.

Conclusion

This work demonsiyates that transition metal complexes derived from 4 are capable of binding amino
olefins in which the two flinctionalities are >3 methylene groups apart. Evidence has been obtained for a
cooperative effect between boron and rhodium in the binding of 6 by complex 1b. Our current efforts are
directed toward taking adwantage of such long-range directing effects to enhance selectivity in asymmetric
transformations.

Experimental Section

General Aspects. Melting points were obtained with a Mel-Temp II equipped with a digital thermometer and
are uncorrected. for air-sensitive rhodium complexes were obtained under N7 in sealed capillaries. The 1H
NMR spectra were obtaised at the University of Illinois on a Varian XL-200 (200 MHz), a General Electric
QE-300 (300 MHz), or aNicolet NT-360 Fourier Transform spectrometer. The 13C NMR spectra were
obtained on a General Elggiric QB-300 (75 MHz) or a General Electric GN300NB (75.44 MHz) spectrometer.
The 31P NMR spectra wese obtained on the General Electric GN300NB at 121.6 MHz. Chemical shifts for
1H NMR and 13C NMR sre reported in ppm downfield from tetramethylsilane (TMS). 31P NMR chemical
shifts are reported in ppm ¢ownfield from H3PO4 (capillary tube insert). Elemental analyses were performed
at the Microanalytical Laheratory at the University of Illinois. The mass spectrum was recorded by the Mass
Spectrometry Laboratory Staff at the University of Illinois on a VG70-SE-4F tandem mass spectrometer.
Optical rotations were measured on a Jasco DIP-360 digital polarimeter. Flash chromatography was
performed using B.M. B2-63 p silica packed in glass columns at a silica:compound weight ratio of
approximately 200. Angytical thin layer chromatography (TLC) was performed on alumina-coated glass
plates with uv light or iddine as a visualization technique. Manipulations of air-sensitive compounds were
carriedmtundernil:ogen\naVacuumAhnnsphﬂudryboxequippedwithaMO%ZDri—Trainorbyming
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standard Schienk line techniques. Solvents used for oxygen- or moisture-sensitive procedures were dried and
distilled under a nitrogen atmosphere using standard techniques. Chloroform-d was dried over 4A molecular
sieves and degassed by 3 freeze-pump-thaw cycles, and stored over 4A molecular sieves. dz-Dichloromethane
was dried over CaHp, degassed by 3 freeze-pump-thaw cycles, and stored over 4A sieves. Reagents were
prepared according to standard procedures or were obtained from commercial sources and used as received.

(4R)-trans-2-Phenyl-4,5-bis(diphenyiphosphinomethyl)-1,3,2-dioxaborolane [(+)-4a]. A solution of
phenylboric acid (0.698 g, 5.71 mmol) in THF (5 mL) was added to a solution of (2R, 3R)-2,3-dihydroxy-1.4-
bis(diphenylphosphino)butane 511 (2.62 g, 5.71 mmol) in 25 mL THF. After stirring ca. one minute the solid
was completely dissolved and TLC analysis indicated complete disappearance of 5. Volatile materials were
removed in vacuo and the resulting solid was recrystallized from dichloromethane/heptane to afford 4a as a
coloriess crystalline solid (2.61 g, 4.79 mmol, 84%). Mp 120.9-121.1 °C; IH NMR (CDCl3): 5 2.38 (dd, J =
13.5 Hz, 6.1 Hz, 2 H), 2.54 (dd, J = 13.6 Hz, 5.6 Hz, 2 H), 4.5-4.6 (m, 2 H), 7.1-7.6 (m, 25 H); 13C{IH}
NMR (CDChy): 836.0 (d, Jp = 15 Hz), 81.7 (dd, Jp = 17 Hz, 8 Hz), 127.6 , 127.9, 128.5 (d, Jp =6 Hz), 128.7
(d, Jp =7 Hz), 131.3, 132.7 (d, Jp = 18 H2), 132.9 (4, Jp = 19 Hz), 134.9, 135.6, 137.8 (d, Jp = 12 Hz), 138.1
d, Jp = 12 Hz); 31P{ 1H} NMR (CDCl3): § -24.4; [a]lp +4.0 (c1.16, CHCl3). Anal. Calcd for
C34H31BO2P2: C, 75.02; H, 5.74; P, 11.38; B, 1.98. Found: C, 74.83; H, 5.76; P, 11.22; B, 1.88.

4-Chlorophenylboric acid. This procedure is a modification of the method of Washburn2! for the
preparation of phenylboric acid. With mechanical stirring, trimethyl borate (5.6 mL, 50.5 mmol) and then 4-
chlorophenylmagnesium bromide (50 mmol as a 1M ether solution) were added sequentially by syringe in
approximately 10 mmol aliquots to 25 mL of anhydrous ether cooled to ~60 °C under nitrogen. After addition
of both reagents was complete, the solution was stirred for 25 minutes at —60 °C. Distilled water (5 mL) was
added by syringe over six minutes, followed by addition of 30 mL of a 1.7 N H3SO4 solution over 12
minutes. The layers were separated and the aqueous layer was extracted with ether (3 x 20 mL). The
combined ether extracts were dried over MgSO4 and the solvent was removed in vacuo. The remaining solids
were washed with petroleum ether (2 x 10 mL) and recrystallized twice from boiling water. The isolated
crystals were composed of a mixture of the acid and anhydride, yield 2.98 g (19.0 mmol, 38% calcd. as the
acid). The anhydride was formed upon heating the crystals nnder vacuum. Mp > 255 °C; 'H NMR (d§-
acetone): 3 7.56 (d, J = 8.0 Hz, 2 H), 8.24 (d, J = 7.9 Hz, 2 H). Anal. Calcd for CsH4BCIO: C, 52.08; H, 2.91.
Found: C, 52.09; H, 2.82.

(4R)-trans-2-(4-Chloraphenyl)-4,5-bis(diphenylphosphinomethyl)-1,3,2-dioxaborolane [(+)-4b].

Compound 4b was prepared from 4-chlorophenylboric acid as described above for 4a. Recrystallization of the
crude product mixture from dichloromethane/heptane afforded 4b as colorless crystals in 88% yield (0.973 g,
1.68 mmol) which contained 6 mol% phosphine oxide impurity by IH NMR. The ligand was further purified
by flash chromatography (cluted with hexane/ethyl acetate 4:1), and the residue recrystallized from methanol
in 62% overall recovery. Mp 117.8-118.2 °C; 'H NMR (CDCls): 5 2.43 (dd, J = 13.9 Hz, 6.2 Hz, 2 H), 2.56
(dd, J = 14.0 Hz, 5.8 Hz, 2 H), 4.55 (dd, J = 11.1 Hz, 5.2 Hz, 2 H), 7.2-7.5 (m, 24 H); 13C{1H} NMR
(CDCl3): 835.9 (d, Jp =15 Hz), 81.8 (d/d, Jp = 18 Hz, 8 Hz), 127.8, 128.5 (s), 128.5 (d, Jp =8 Hz), 128.7 (d,
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Jp =8 Hz), 132.6 (d, Jp = 17 Hz), 132.9(d, Jp = 18 Hz), 136.2, 137.6, 137.7 (d, Jp = 12 Hz), 1380 (Jp = 12
Hz): 311’{ 1H} NMR (QDXCl3): 8-24.2; [olp +6.1 (¢1.20, CHCl3). Anal. Caled for C34H3pBCIO4Pa: C, 70.55;
H, 5.22; Cl, 6.12. Fouad: C,70.59; H, 5.25; C1, 6.03.

4-(Trifluoromethyl)phenylboric acid. A round bottom flask containing 2.95 g (0.121 mol) Mg turnings was
flame dried under N3 and THF (25 mL) was added. 4-Bromobenzotrifluoride (25.5 g, 0.113 mol) in 50 mL
THF was added dropwise over one hour, maintaining a steady reflux. The mixture was refluxed an additional
hour with external heating. After cooling to 0 °C, an aliquot removed for titration?2 was determined to
contain the corresponding Grignard reagent in a concentration of 1.6 M. The substituted boric acid was
prepared in THF at —45 °C, using the same procedure described sbove for the preparation of 4-
chlorophenylboric acid. The acid was heated under vacuum to yield a mixture of 2 oligomeric anhydrides
anhydrides (3.95 g, 2310 mmol, 29%): Mp > 240 °C. 'H NMR (dg-acetone) 87.5 (s, 2 H, major anhydride),
7179 (d, J = 7.8 Hz, mmor anhydride), 7.88 (d, 7 = 7.9 Hz, 2 H, major anhydride), 8.19 (d, /=78 Hz, 2 H,
minor anhydride), 8.47 (d, J = 7.7 Hz, 2 H, major anhydride); 13C{1H} NMR of major anhydride (d¢-
acetone): § 123.3 (q, Jig = 4 Hz), 123.9 (d, Jr = 272 Hz), 130.6 (d, Jr = 32 Hz), 134.0 (8), ring carbon ipso to
CFj not detected). Anul. Caled for C7H4BF30: C,48.91; H, 2.34. Found: C,48.88; H, 2.22.

(4R)-trans-2-(4-(Trifluoromethyl)phenyl)-4,5-bis(diphenylphosphinomethyi)-1,3,2-dioxaborolane
[(+)-4c]. A procedure analogous to the one used to preparc 4a was followed, with 4-
(trifluoromethyl)phenylboric acid used as the arylboric acid source. The product was crystallized from
benzene/heptane to affusd 4c as a colorless powder (0.997 g, 1.63 mmol, 79%) judged to be >95% pure by 'H
NMR. Analytically pyre material was obtained by flash chromatography followed by recrystallization from
methanol. Mp 120.8-131.2 °C; 'H NMR (CDCl3): 8 2.45 (dd, J = 13.9 Hz, 6.1 Hz, 2 H), 2.57 (dd, J = 14.0
Mz, 5.7 Hz, 2 H), 4.59¢/ud, J = 11.3 Hz, 5.3 Hz, 2 H), 7.3 - 7.5 (m, 20 H), 7.52 (d, J = 8.1 Hz, 2 H), 7.63 (4,
= 7.9 Hz, 2 H); 13C{ 'H} NMR (CDCl3): 8 35.9 (dd, Jp = 16 Hz, 1 Hz), 82.0 (dd, Jp = 17 Hz, 8 Hz), 124.1 (d,
Jp =272 Hz), 124.2 (4,y/r = 4 Hz), 128.5 (dd, Jp=7 Hz, 1 Hz), 128.8 (d, Jp =9 Hz), 132.7 (4, Jp=20 Hz)
133.0 (d, Jp = 20 Hz), 185.1, 137.7 (d, Jp = 12 Hz), 137.9 (d, Jp = 12 Hz); 31P{1H} NMR (CDCL): §-24.3;
[alp +5.3 (c1.23, CHClY); Anal. Calcd for CasH3oBF3O2P2: C, 68.65; H, 4.94; P, 10.12; B, 1.76. Found: C,
68.53; H, 4.96; P, 10.00kB. 1.56.

12,12-(1,5-Cyclooctadisne)-P,P'-[(4R)-trans-2-phenyl-4,5-bis(diphenylphosphinomethyl)-1,3,2-
dioxaborolanelrhodium(E) perchiorate (12). [WARNING: Perchlorate salts may be explosive when dry
and tn general the use of alternative counterions is recommended.] The procedure of Tani et al.16 for the
preparation of [(binap)Rb(cod)]ClOs was followed using ligand 4a in place of binap. Compound 1a was
isolated as a yellow-orange powder by precipitation from acetone-ether (80% yield). Mp >150 °C dec.; 1H
NMR (CD2C12): § 2.142.2 (m, 2 H), 2.3-2.4 (m, 4 H), 2.4-2.5 (m, 2 H), 2.66 (dd, J = 14.5 Hz, 9.6 Hz, 2 H),
3.19 (br t, 2 H), 4.2-413 (m, 2 H), 4.4-4.6 (m, 2 H), 4.57 (br s, 2 H), 7.3-7.8 (m, 25 H); 31p{1H} NMR
(CD2C12): 514.0 (4, J = 144 Hz). Anal. Calcd for C42H43BCIOsP2Rb: C, 59.01; H, 5.07; B, 1.26; P, 7.25;
Rh, 12.04. Found: C, $8.42; H, 5.29; B, 1.06; P, 7.02; Rh, 11.83. HRMS calcd for [C4zH4311BO2P2RI]+:
755.1886. Found, 755.1904.
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12n2<(1,5-Cyclooctadiene)-P,P'-[(4R)-trans-2-(4-chlorophenyl)-4,S-bis(diphenyiphosphinomethyl)-1,3,2-
dioxaborolanejrhodium(l) perchlorate (1b). The same procedure used for the preparation of 1a was
followed using 4-chlorophenylboric acid in place of phenylboric acid. Compound 1b was isolated by
precipitation from acetone-dicthyl ether as a yellow powder (98% yield). Mp >150°C dec.; 1H NMR
(CDCl3): 82.08-2.13 (m, 2 H), 2.22-2.27 (m, 2 H), 2.37-2.53 (m, 4 H), 2.74 (dd, J = 142 Hz, 94 Hz, 2 H),
3.12(t, J = 12.1 Hz, 2 H), 4.20 (br s, 2 H), 4.54 (br 5, 4 H), 7.25 (d, 7 = 8.2 Hz, 2 H), 7.44-7.67 (m, 18 H), 8.04
(br s, 4 H); 31P{1H} NMR (CD>Cly): § 13.8 (d, J = 145 Hz). Anal. Caled for C42Hg2BClaOsPaRh: C, 56.72;
H,4.76. Found: C,56.42; H, 5.02.

13n2-(1,S-Cyclooctadiene)-P,P'{(4R)-trans-2-(4-(trifluoromethyl)phenyl)-
4,S-bis(diphenylphosphinomethyl)-1,3,2-dioxaborolane]rhodivm(l) perchlorate [(+)-1c]. The same
procedure used for the preparation of 1a was followed using 4-(trifluoromethyl)phenylboric acid in place of
phenylboric acid. Compound Ic was isolated as an orange-yellow powder in 80% yield by precipitation from
acetone-diethy] ether, and was determined to be ca. 95% pure by 1H NMR. Mp >160 °C dec.; 1H NMR
(CD2Cl2): 5 2.17 (t, J = 7 Hz, 2 H), 2.29-2.35 (m, 4 H), 2.4-2.5 (m, 2 H), 2.69 (dd, J = 14 Hz, 9.0 Hz, 2 H),
3.19(t,J=12 Hz, 2 H), 4.25 (t, J = 4 Hz, 2 H), 446 (br s, 2 H), 4.58 (br s, 2 H), 7.4-7.8 (m, 20 H), 8.00 (t, J =
8 Hz, 4 H); 3!P{H} NMR (CD:Clz): § 14.0 (d, J = 144 Hz); [oJp +1.8 (c1.10, CH2Cl2). Anal. Caicd for
Ca3H42BCIF306P2Rh: C, 55.96; H, 4.59; B, 1.17; Cl, 3.84; P, 6.71, Rh, 11.15. Found: C, 55.61, H, 4.74; B,
1.22, C1, 3.91; P, 6.59; Rh, 10.98.

P,P'-[(4R)-trans-2-Phenyl-4,5-bis(diphenylphosphinomethyl)-1,3,2-dloxaborolane dichioropaliadium(IT)
(2a). Method A. Compound 2a was prepared according to the method of Consiglio for the synthesis of the
analogous diop complex.20 Ligand 4a (0.129 g, 0.238 mmol) was added as a solid to a stirred suspension of
PdCl2(PhCN); (0.0912 g, 0.238 mmol) in ether (10 mL) and the resulting mixture was stirred 36 h at room
temperature. The resulting precipitate was isolated by vacuum filtration and washed with ether (8 mL) to
afford a pale yellow solid (0.112 g, 0.155 mmol, 65%). Mp >200 °C dec.; 'H NMR(CDCl3): § 2.6-2.8 (m, 2
H), 3.1-3.3 (m, 2 H), 4.31 (t, J = 6.0 Hz, 2 H), 7.32 (t, J = 7.5 Hz, 2 H), 7.4-7.7 (m, 19 H), 8.11 (dd, J = 12.0
Hz, 7.2 Hz, 4 H); 3!P{1H} NMR (CD;Cl3): § 19.2. Anal. Calcd for C34H31BCliO2P2Pd: C, 56.59; H, 4.33;
Cl,9.82; P, 8.58, Pd, 14.74; B, 1.50. Found: C, 56.54; H, 442; C, 9.82; P, 8.69; Pd, 14.99; B, 1.42.

P,P'-[(4R)-trans-2-(4-Chlorophenyl)-4,5-bis(diphenylphosphinomethyl)-1,3,2-dioxaborolane]-

dichloropalladium(Il) (2b). Method B. Solutions of 1212-(1,5-cyclooctadiene)dichloropalladinm(IT)
(PdCla(cod))23 (0.0571 g, 0.200 mmol) and 4b (0.116 g, 0.200 mmol) in CH,Cl; (10 mL each) were
combined at room temperature. TLC analysis indicated immediate and complete disappearance of 4b.
Hexane (10 mL) was layered on the solution and pale yellow crystals precipitated after 2 d. These were
filtered, washed with pentane (4 x 5 mL), and dried under vacuum to yield 0.119 g (0.157 mmol, 78%) of 2b,
judged to by >95% pure by 1H NMR. Mp >149° dec.; 1H NMR (CDCls): 8 2.6-2.7 (m, 2 H), 3.1-3.2 (m, 2
H), 431 (t, J = 6.2 Hz, 2 H), 7.29 (d, = 8.2 Hz, 2 H), 74 - 7.7 (m, 18 H), 8.10 (dd, J = 11.7 Hz, 7.4 Hz, 4 H);
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3IP{IH} NMR (CD2Cpp): 8 19.0. Anal. Calcd for C34H30BCl3P202Pd: C, 54.01; H, 4.00, Pd, 14.07; Cl,
14.07; P, 8.19; B, 1.43.(Wound: C, 54.15; H, 4.05; Pd, 13.99; Cl, 14.37; P, 8.30; B, 1.46.

P,P'{(4R)-irans-2-(4-(Ykifluoromethyl)phenyl)-4,5-bis(diphenylphosphinomethyl)-1,3,2-
dioxaborolanc]dichlorjpalladiom(Il) (2c). Method B was used to prepare compound 2¢, with the exception
Mthemmsnﬂhqpowduypmmpmcipimdbyaddiﬁmofhexmmmcm{gmz solution and
removal of the more vojagile CH2Cl; under vacuum. The pale yellow solid proved to be only slightly soluble
in most solvents. Yieldf).242 g (0.306 mmol, 76%) of a compound judged to be >95% pure by !H NMR: Mp
>130° dec.; 'H NMR (CICl3): 52.6-2.8 (m, 2 H), 3.1-3.3 (m, 2 H), 4.35 (brt, J = 6.0 Hz, 2 H), 7.4-7.7 (m, 20
H), 8.12 (m, 4 H); 31P{1{{} NMR (CD;Cly): 3 19.0. Anal. Calcd for CasH3gBCloF302P2Pd: C, 53.23; H,
3.83; Pd, 13.47; Cl, 8.98.P, 7.84; B, 1.37. Found: C, 53.33; H, 3.83; Pd, 13.61; C1, 9.33; P, 7.86; B, 1.25.

P, P'-[(4R)-irans-2-Pliwhyl-4,5-bis(diphenylphosphinomethyl)-1,3,2-dioxaberolane dichloroplatinnm(il)
(3a). Method C. Thisiwas prepared according to a modified procedure of Malatesta et al.18 KoPtCly (0.148
g 0.357 mmol) and 44,(0.204 g, 0.375 mmol) were suspended in xylenes (10 mL) and the mixture was
refluxed 21 h under nitiggen. The colorless solids that were formed were removed by filtration of the cooled
reaction mixture. The fister cake was washed with 10 mL CH2Cl; and solvents were removed from the filtrate
by vacuum transfer to yield a colorless solid which was recrystallized from CH;Cly/hexane. Yield 0.149 g
(0.1834 mmol, 52%): Mg > 270 °C dec.; IH NMR (CD2Cla): 3 2.7-2.8 (m, 2 H), 3.47 (t, J = 14.4 Hz, Jp; 102
Hz, 2 H), 437 (t,J=5 7 Hz, 2 H), 7.32 (1, ] = 7.4 Hz, 2 H), 7.4-7.6 (m, 19 H), 8.02 (m, 4 H); 31P{1H} NMR
(CD2Clp): 80.8 (Jp = 3827 Hz). Anal. Caled for C34Hz BCl,O2P-Pt: C, 50.39; H, 3.86; B, 1.33; Cl, 8.75; P,
7.64; Pt, 24.07. Found:-C, 50.03; H, 3.81; B, 1.17; Cl, 8.86; P, 7.49; Pt, 23.86.

P,P'-[(4R)-trans-2-(4-QRlorophenyl)-4,5-bis(diphenylphosphinomethyi)-1,3,2-
dioxaborolane]dichlojgplatinum(i) (3b). Method D. A solution of 4b (0.293 g, 0.506 mmol) in CH2Cl2
(6 mL) was added to applution of 2,n2-(1,5-cyclooctadiene)dichloroplatinum(1I), PtCly(cod)24 in CH:Cla
(40 mL). After 10 mimthexane (20 mL) was added. A colorless microcrystalline solid formed upon solvent
evaporation. This matetal was washed with pentane (10 mL) and dried under vacuum (0.378 g, 0.447 mmol,
88%), and was determided to be >95% pure by 'H NMR. Mp >170 °C dec.; IH NMR (CDCl3): § 2.7-2.8 (m,
2 H), 3.45 (t, J = 14.2 Ha, Jp, = 99.2 Hz, 2 H), 4.37 (t, J = 5.6 Hz, 2 H), 7.29 (d, J = 8.3. Hz, 2 H), 7.4-7.6 (m,
18 H), 8.01 (m, 4 H); :ﬂl’{ 1H} NMR (CD2Cl2): § 0.8 (Jp = 3527 Hz). Anal. Calcd for C34H30BClz02P2Pt:
C, 48.34; H, 3.58; Pt, 20.09; C1, 12.59; P, 7.33; B, 1.28. Found: C, 48.56; H, 3.66; Pt, 23.47; Cl, 12.82; P,
7.22; B, 1.39.

P,P'-[(4R)-trans-2~(4-(l)xiflvoromethyl)phenyl)-4,5-bis(diphenylphosphinomethyl)-1,3,2-

dioxaborolane]dichiodijplatinum(Il) (3¢). Complex 3¢ was prepared according to Method D, and was
isolated a colorless cryhtallinc solid in 79% yield. Mp >250 °C dec.; !H NMR (CDCl3): § 2.7-2.8 (m, 2 H),
3.47 (t, J = 14.3 Hz, Jpp+= 98.7 Hz, 2 H), 4.41 (br t, J = 5.5 Hz, 2 H), 7.4-7.6 (m, 18 H), 7.73 (d, J= 7.8 Hz, 2
H), 8.02 (m, 4 H); 31P{ 1H} NMR (CDCl2): 50.8 (Jp. = 3527 Hz). Anal. Calcd for C35H30BCl2F302P2Pt:
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C,47.86; H, 3.44, B, 1.23; Cl, 8.0T; P, 7.05; Pt, 22.21. Found: C, 47.60; H, 3.42; B, 0.98; C1, 8.21; P, 7.09; Pt,
22.04.

6-Heptenenitrile (10). The method of Bartlett25 for the preparation of 5-hexenenitrile was followed using 1-
bromo-5-hexene26 in place of 1-bromo-4-pentene. The product was distilled to yield a clear colorless liquid
(5.72 g, 52.4 mmol, 76%). Bp 82 °C/7.5 Torr; 'H NMR (CDCl3): § 1.5-1.6 (m, 2 H), 1.6-1.7 (m, 2 H), 2.10
(dt, J = 13.8 Hz, 6.6 Hz, 2 H), 2.35 (t, J = 6.9 Hz, 2 H), 5.0-5.1 (m, 2 H), 5.7-5.8 (m, 1 H); IR (NaCl, neat):
3532 (w), 3077 (m), 2936 (s), 2863 (s), 2245 (m), 1833 (w), 1640 (s), 1460 (m), 1427 (m), 995 (s), 914 (5)
cm-1,

6-Hepten-1-amine (9). Nitrile 10 (5.69 g, 52.1 mmol) was dissolved in 200 mL dry ether at 0 °C and LiAIH,
(2.07 g, 54.5 mmol) was added as a solid portionwise over 15-20 minutes. The reaction mixture was stirred
for 1 h as it was allowed to warm to room temperature. Inorganic materials were separated according to the
Fieser method,27 and solvents were carefully removed from the product under water aspirator pressure at 0 °C.
Purification of the crude product mixture by sequential distillations afford a clear colorless liquid (1.64 g, 14.5
mmol, 28%) judged to be 97% pure by GC. Bp 151-152 °C; 'H NMR (CDCl3): 5 1.08 (br s, 2 H), 1.3-1.5 (m,
6 H), 2,04 (dt, J = 13.7 Hz, 6.7 Hz, 2 H), 2.67 (1, J = 7.3 Hz, 2 H), 4.9-5.0 (m, 2 H), 5.7-5.9 (m, 1 H);
13C{1H} NMR (CDCl3): § 26.2, 28.6, 33.6 (2 C), 42.1, 114.2, 138.8; IR (NaCl, neat) 3368 (m), 3293 (m),
3077 (m), 2976 (m), 2921 (s), 2853 (s), 1823 (w), 1640 (s), 1460 (m), 1439 (m), 1073 (m), 994 (s), 966 (m),
909 (s), 816 (s) cmrl; p =0.787 g/mL. Anal. Caled for C;HysN: C, 74.27; H, 13.36; N, 12.37. Found: C,
73.90; H, 13.48; N, 12.34.

Titration experiments. Titrations were monitored by 1H NMR either at constant temperature or at room
temperature (18-22 °C). Water contamination and small variations in probe temperature were found to have
no measurable effects on the chemical shifts that were monitored. Chemical shifts were measured in Hz
relative to an internal TMS standard (for !H NMR studies) or to an external (capillary) solution of 85%
H3PO4 (for 31P NMR studies). Chemical shifts were found to be reproducible to within 0.5 Hz.

In a typical experiment, a measured amount of ligand or complex was dissolved in CDCl3 and the
solution was diluted to 1 mL in a volumetric flask. An aliquot (0.65 to 0.80 mL) was transferred to a 5 mm
NMR tube by glass syringe. After an initial NMR spectrom was taken of this solution, the sample was titrated

Acknowledgments. We arc grateful to Drs. Wei Zhang and Cheryl Martin for helpful discussions.
Acknowledgment is made to the donors of The Petroleum Research Fund, administered by the ACS, for
support of this research. LBF was a recipient of a Department of Education Fellowship from the University of
Illinois. Awards to ENJ from the David and Lucille Packard Foundation, the Lilly Grantee program, and the
Presidential Young Investigator program of the NSF are also gratefully acknowledged.



L. B. FIELDS and E. N. JACOBSEN

Notes and References

1. University of Hlinois

2. Harvard University

3. Foran excellent review, see: Hoveyda, A. H.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307.

4. Although the Sharpless epoxidation catalysts are dimeric, the chemically equivalent metal centers appear

@

© ® 2o

11.
12.
13.
14.
15.
16.

17.

18.
19.

21.

8

to behave independently. See: Finn, M. G.; Sharpless, K. B. J. Am. Chem. Soc. 1991, 113, 113.

(a) Hayashi, T.; Mise, T.; Fuknshima, M.; Kagotani, M.; Nagashima, N.; Hamada, Y.; Matsumoto, A.;
Kawakami, S.; Konishi, M.; Yamamoto, K.; Kumada, M. Bull. Chem. Soc. Jpn. 1980, 53, 1138. (b)
Hayashi, T.; Kumada, M. Acc. Chem. Res. 1982, 15, 395.

Hayashi, T.; Kawamura, N.; Ito, Y. J. Am. Chem. Soc. 1987, 109, 7876.

Ito, Y.; Sawamusa, M.; Hayashi, T. J. Am. Chem. Soc. 1986, 108, 6405.

Hayashi, T.; Kanchira, K.; Hagihara, T.; Kumada, M. J. Org. Chem. 1988, 53, 113.

For a review describing two-point binding and/or long-range directing effects in asymmetric catalysis,
see: Sawamura, M.; Ito, Y. Chem. Rev. 1992, 92, 857.

Kagan, H. B.; Dang, T. P. J. Am. Chem. Soc. 1972, 94, 6429. Professor H. Kagan has informed us that
his group has carried out & parallel study which has included preparation of the PFg— analog of complex
1a.

Deschenaux, R.; Stille, J. K. J. Org. Chem. 1988, 50, 2299.

Toyota, S.; Oki, M. Bull. Chem. Soc. Jpn. 1990, 63, 1168 and references cited therein.

Narasaka, K.; Sakurai, H.; Kato, T.; Iwasawa, N. Chem. Let. 1990, 1271.

Nakano, M.; Nakano, N.L; Higuchi, T. J, Phys. Chem. 1967, 71, 3954.

Cramer, R. In Inorganic Syntheses; Parshall, G. W., Ed.; McGraw-Hill: New York, 1974; Vol. 15, p. 14.
Tani, K.; Yamagata, T.; Otsuka, S.; Kumobayashi, H.; Akutagaws, S. In Organic Syntheses; Smart, B.
E., Ed.; Organic Syntheses: Notre Dame, IN, 1988; Vol. 67, p. 33.

Cogdell, T. J. J. Org. Chem. 1972, 37,2541.

Malatesta, L.; Cariello, C. J. Chem. Soc. 1958, 2323.

Doyle, J. R.; Slade, P. E.; Jonassen, H. B. In Inorganic Syntheses; Rochow, E. G., Ed.; McGraw-Hill:
New Yok, 1960; Vo. 6, p. 218,

Gramlich, V.; Consiglio, G. Helv. Chim. Acta 1979, 62, 1016.

Washburn, R. M.; Levens, E.; Albright, C. F.; Billig, F. A.; Cemak, E. S. In Metal-Organic
Compounds;, Advances In Chemistry 23; American Chemical Society: Washington, DC, 1959; p 110.
Lespieau, R.; Bourguel, M. In Organic Syntheses; Gilman, H.; Ed.; John Wiley and Sons: New York,
1941; Coll. Vol. 1, p 186.

Drew, D.; Doyle, J. R. In Inorganic Syntheses; Cotton, F. A., Ed.; McGraw-Hill: New York, 1972; Vol.
13, p. 47.

Clark, H. C.; Maizer, L. E. J. Organomet. Chem. 1973, 59, 411.

Bartlett, P. D.; Closson, W. D.; Cogdell, J. J. J. Am. Chem. Soc. 1968, 87, 1308.

Kraus, G. A.; Landgrebe, K. Synthesis 1984, 885.

Fieser. L. F.; Fieser, M. Reagenis for Organic Synthesis; Wiley: New York, 1967; Vol. 1, p. 583.



