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A novel [(dppe).Pta(u-BINOL)]?*[OTf]» dimer (A) was cleanly produced by addition of 1
equiv of HOTT to (dppe)Pt(S-BINOL) (1) or via “comproportionation” of 1 with (dppe)Pt-
(OTf)2 (2). The structure of A was investigated by *H, 3P, and 3C NMR spectroscopy, as
well as 2D H/*H (COSY) and 3C/*H (HMQC, HMBC) correlation experiments, revealing
that both halves of the bridging BINOL ligand have undergone “enol—Kketo” tautomerization
in this complex. Two symmetry-equivalent (dppe)Pt fragments coordinate in an anti fashion
via Pt—C o bonds to the adjacent atoms C; and C;: of the resulting “diketo” BINOL ligand.
n*-Coordination of the carbonyl groups of “diketo” BINOL to Pt was proposed to fill the fourth
coordination site of each Pt square plane in dimer A, generating favorable five-membered
Pt-chelate rings; the P—Pt coupling constants observed for A are consistent with C=0—Pt
coordination. The driving force for dimer formation is likely electrostatic, as dimerization
distributes the dicationic charge of Pt Lewis acid 2 over two Pt centers, facilitated by the
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“diketo” BINOL bridge.

Introduction

Square planar, dicationic P,Pd(Il) and P,Pt(I1) com-
plexes have been used as Lewis acid catalysts for a
variety of organic transformations, including enantio-
selective reactions.! For example, the Lewis acids
P,Pt(OTf), (P2, = dppe (2), R-BINAP) catalyze the Diels—
Alder reaction of N-acryloyloxazolidinone with cyclopen-
tadiene (eq 1) in good yield, and the chiral R-BINAP
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catalyst affords the 2S-enantiomer of the Diels—Alder
product in 96—98% ee.'22 Because little mechanistic
information about [P,M]?T (M = Pd, Pt) catalysts had
previously been reported, we recently undertook a com-
prehensive study of the Pt-catalyzed Diels—Alder reac-
tions in eq 1.2 Our experiments revealed that the late-
metal P,Pt(OTf), Lewis acids do exhibit unique reac-
tivity, compared to their early-metal, p-block, or first-

(1) (@) Ghosh, A. K.; Matsuda, H. Org. Lett. 1999, 1, 2157—2159.
(b) Pignat, K.; Vallotto, J.; Pinna, F.; Strukul, G. Organometallics 2000,
19, 5160—5167. (c) Hao, J.; Hatano, M.; Mikami, K. Org. Lett. 2000, 2,
4059-4062. (d) Oi, S.; Terada, E.; Ohuchi, K.; Kato, T.; Tachibana,
Y.; Inoue, Y. J. Org. Chem. 1999, 64, 8660—8667, and refs 12, 13
therein. (e) Hattori, T.; Suzuki, Y.; Uesugi, O.; Oi, S.; Miyana, S. Chem.
Commun. 2000, 73—74. (f) Ferraris, D.; Young, B.; Dudding, T.; Lectka,
T.J. Am. Chem. Soc. 1998, 120, 4548—-4549. (g) Hori, K.; Kodama, H.;
Ohta, T.; Furukawa, I. J. Org. Chem. 1999, 64, 5017—5023. (h) Hori,
K.; Ito, J.; Ohta, T.; Furukawa, I. Tetrahedron 1998, 54, 12737—12744.
(i) Farstner, A.; Voigtlander, D.; Schrader, W.; Giebel, D.; Reetz, M.
T. Org. Lett. 2001, 3, 417—420.

(2) (@) Brunkan, N. M.; White, P. S.; Gagné, M. R. Organometallics
2002, 21, 1565—1575. (b) Brunkan, N. M.; Gagné, M. R. Organome-
tallics 2002, 21, 1576—1582.

row (Cu(ll) or Zn(I1)) counterparts. In fact, the reactivity
observed highlighted the importance of several funda-
mental characteristics inherent in these Pt(I1) complexes.

For example, ligand substitution of substrate for Pt-
coordinated product (rather than cycloaddition of diene
to the activated, Pt-coordinated substrate) was found
to be the turnover-limiting step of the Diels—Alder
catalytic cycle, consistent with the fact that complexes
of the third-row metal Pt are not very labile.?2 Also,
diene reacted with the Pt-coordinated dienophile ex-
tremely rapidly, even at 195 K, showing that these
P,Pt(OTf), Lewis acids are remarkably electrophilic.
Displacement of OTf~ from the catalyst by coordination
of dienophile (through the carbonyl oxygens) was ob-
served to be thermodynamically favorable, corroborating
this assessment of the catalyst’s electrophilicity. Finally,
an unexpected catalyst decomposition pathway involv-
ing reaction of P,Pt(OTf), with cyclopentadiene to
produce [P2Pt(#°>-Cp)]*[OTf]™ demonstrated that the
“soft”, late-metal Pt center prefers to bind to “softer”
carbon rather than “harder” oxygen atoms, making it
more carbophilic than oxophilic.2°3

This last feature of Pd and Pt metal centers has
previously been documented in several reports. Pd-
catalyzed imine and aldehyde alkylation reactions, for
instance, were found to proceed via C-coordination of
Mukaiyama-type nucleophiles to the catalyst, rather
than by activation of the imines or aldehydes through
N- or O-coordination. In the area of coordination
chemistry, the bidentate ligands R-3,3'-Me,BINOL,5

(3) Pearson, R. G. Hard and Soft Acids and Bases; Dowden,
Hutchinson, and Ross: Stroudsburg, PA, 1973.

(4) (a) Fujii, A.; Hagiwara, E.; Sodeoka, M. J. Am. Chem. Soc. 1999,
121, 5450—5458. (b) Fujii, A.; Sodeoka, M. Tetrahedron Lett. 1999, 40,
8011—8014. (c) Fujimura, O. 3. Am. Chem. Soc. 1998, 120, 10032—
10039.
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tautomerize in order to coordinate to Pd or Pt via M—C
rather than M—O or M—N bonds. The unique charac-
teristics of both the ligands and the metals involved in
these complexes contribute to observation of the M—C
binding mode. For the ligands, the thermodynamic and
kinetic accessibility of “keto” or “imino”, in addition to
“enol” or “enamine”, tautomers makes C;-based reactiv-
ity feasible. This reactivity has been demonstrated in
organic reactions that take advantage of the anionic
character of C; in binaphthyl-type substrates as well.8
The key features of Pd and Pt that promote M—C
complexation include their carbophilic natures and their
propensities to form five-membered rather than larger
metallochelate rings. The driving force for observation
of C,0O- instead of O,0O-chelates has been ascribed to the
relief of steric strain that would be present in the
expected O,0-bound complexes.5®

In the Diels—Alder experiments discussed above, the
nonisolable P,Pt(OTf), Lewis acid catalysts used were
routinely generated in situ by adding 2 equiv of triflic
acid (HOTf) to the stable precursors P,Pt(S-BINOL)
(Scheme 1, P, = dppe (1)). In the dppe case, a small
amount of a nonsymmetric (dppe)Pt species (A) was
often observed by 3P NMR spectroscopy during the
catalyst activation step. To identify this impurity, the
complex was synthesized independently, and its struc-
ture was investigated by 3P, 'H, 13C{H,3!P}, and 2D
13C/'H NMR techniques. These experiments revealed

(5) Brunkan, N. M.; White, P. S.; Gagné, M. R. J. Am. Chem. Soc.
1998, 120, 11002—11003.

(6) Bergens, S. H.; Leung, P.-h.; Bosnich, B. Organometallics 1990,
9, 2406—2408.

(7) Kocovsky, P.; Vyskotil, S.; Cisafova, I.; Sejbal, J.; Tislerova, 1.;
Smr¢ina, M.; Lloyd-Jones, G. C.; Stephen, S. C.; Butts, C. P.; Murray,
M.; Langer, V. J. Am. Chem. Soc. 1999, 121, 7714—-7715.

(8) (a) Kyba, E. P.; Gokel, G. W.; de Jonge, F.; Koga, K.; Sousa, L.
R.; Siegel, M. G.; Kaplan, L.; Sogah, G. D. Y.; Cram, D. J. J. Org. Chem.
1977, 42, 4174. (b) Wenkert, E.; Youssefyeh, R. D.; Lewis, R. G. J.
Am. Chem. Soc. 1960, 82, 4675—4680. (c) Kasturi, T. R.; Rajasekhar,
B.; Raju, G. J.; Sivaramakrishnan. R.; Ramasubbu, N.; Venkatesan,
K. J. Chem. Soc., Chem. Commun. 1980, 1087—1088. (d) Georghiou,
P. E.; Ashram, M.; Clase, H. J.; Bridson, J. N. J. Org. Chem. 1998, 63,
1819-1826.
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that A is an unusual Pty(u-BINOL) dimer containing
symmetry-equivalent (dppe)Pt fragments bound via
Pt—C o bonds to adjacent C; and C; carbons of a
“diketo” BINOL ligand, in which both halves of BINOL
have undergone “enol—keto” tautomerization. The “dike-
to” ligand was identified by comparison of its NMR
spectroscopic features with those observed for the “keto”
half of Me,BINOL in the complex (S,S-chiraphos)Pt(R-
Me,BINOL) (8).5

Results and Discussion

(1) Formation of A from 1 and HOTTf. Nonsym-
metric species A, whose 3P NMR spectrum consists of
a pair of sharp doublets (Jp-p = 9.0 Hz) with Pt
satellites at 6 49.6 (}Jp_pt = 3090 Hz) and 31.8 (1Jp_pt
= 3690 Hz) ppm, was initially observed as a minor
product of the reaction of (dppe)Pt(S-BINOL) (1) with
HOTT to generate the active Diels—Alder catalyst (dppe)-
Pt(OTf), (2; Scheme 1). Complex A formed only when
less than 2 equiv of HOTf was added to 1, and the 2:A
ratio observed varied with the amount of HOTf used in
the experiment; for example, 1.95 equiv of HOTTf pro-
duced about 95% 2 accompanied by 5% A, while 1.90
equiv of HOTf gave 90% 2 and 10% A. The observed
correlation between the reactant and product ratios
suggested that A might be quantitatively produced by
addition of 1 equiv of HOTf to 1. Indeed, adding 1 equiv
of freshly distilled HOTf to a solution of 1 in dry
CDCl; resulted in 93% conversion to A (Scheme 2); an
unidentified symmetric species B (7%) was also ob-
served as a sharp singlet with Pt satellites at 6 32.8
ppm (1Jp_pt = 3606 Hz) by 3P NMR.

Upon standing in an NMR tube capped with a rubber
septum, the yellow A/B mixture gradually became
colorless, starting from the top of the reaction solution.
Periodic 3P NMR spectra of the mixture revealed that
A was slowly being converted to B, most likely by
reaction with oxygen or water that diffused into the
NMR tube through the septum. After several days, 3P
NMR spectra showed complete transformation of A to
B, and a 'H NMR spectrum of the colorless reaction
mixture contained a broad resonance with Pt satellites
(3Jy-pt = 7.5 Hz) at 6 2.9 ppm, which integrated for 1
H compared to the Pt-coordinated dppe ligand of B.
Resonances for free S-BINOL were also observed. Sym-
metric species B was identified as the u-OH dimer
[(dppe)Pt(u-OH)]2H[OTf] > by comparison with NMR
data reported in the literature for [(dppe)Pt(u-OH)],2"-
[BF4]2.210 The BF4~ analogue of B was isolated from
the reaction of (dppe)PtCl, with AgBF, in MeOH and

(9) (a) Bandini, A. L.; Banditelli, G.; Demartin, F.; Manassero, M.
Minghetti, G. Gazz. Chim. Ital. 1993, 123, 417—423. (b) Li, J. J.; Li,
W.; Sharp, P. R. Inorg. Chem. 1996, 35, 604—613. (c) Scarcia, V.; Furlni,
A.; Longato, B.; Corain, B.; Pilloni, G. Inorg. Chim. Acta 1988, 153,
67—70.
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Figure 1. (a) Aromatic region of the 400 MHz 'H NMR
spectrum obtained from reaction of 1 with 1 equiv of HOTf
in CD,ClI; (Scheme 1), including resonances for A and free
S-BINOL (®). (b) Aromatic region of the 500 MHz 'H NMR
spectrum of A (93%; 7% 1, small peaks) produced by
“comproportionation” of 1 and 2 (Scheme 2). The BINOL
protons of A are numbered as shown in Figure 4 (vide
infra).

presumably formed via reaction of the unstable Lewis
acid “(dppe)Pt(BF4),” with adventitious water in the
solvent, consistent with the hypothesis that B is pro-
duced by reaction of water with A. The decomposition
of A to B was effectively suppressed by using airtight
J. Young NMR tubes for subsequent reactions.

(2) Identification of A as a Pty(#-BINOL) Dimer.
A priori, reaction of 1 with a single equivalent of HOTf
was expected to produce a nonsymmetric Pt complex
containing a monodentate, monoprotonated BINOL
ligand (structure 3). However, the 1H NMR spectrum
of A was not consistent with 3, since it lacked the 12
resonances predicted for the nonequivalent protons of
the nonsymmetric, monoprotonated BINOL ligand.
Instead, the spectrum clearly showed that half of the
S-BINOL in the reaction mixture was no longer coor-
dinated to Pt at all, while the other half remained bound
to Pt in a Cy-symmetric fashion (only six resonances
observed for Pt-bound BINOL; Figure 1a)! Furthermore,
two doublets assigned to the Pt-coordinated ligand
appeared unusually far upfield at 6 5.61 and 5.76 ppm
(by contrast, all BINOL resonances appear downfield
of 6.55 ppm in the spectrum of 1). Integration of the
resonances for Pt-coordinated BINOL with respect to
those assigned to Pt-bound dppe revealed that A con-
tains only one BINOL per two symmetry-equivalent
dppe ligands. Thus A must be a dimer whose single
BINOL ligand symmetrically bridges two chemically
equivalent (dppe)Pt centers (e.g., structure 4). The
identity of the fourth ligand (L) in the coordination
sphere of each square planar Pt(l1) center was not
obvious from 'H and 3P NMR data (vide infra).

(3) Formation of A from 1 and 2. The stoichiometry
of A suggested that it might be cleanly prepared
(without concomitantly generating an equivalent of free
BINOL) by “comproportionation” of 1 and 2 (Scheme 3).

(10) Independent synthesis of B from (dppe)PtCO3z and 1 equiv of
HOTTf yielded pure material, uncontaminated by free BINOL (the
byproduct when B forms from A), which was isolated as a white, air-
and moisture-stable solid for characterization purposes.
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Indeed, adding 1 equiv of 1 to a CD,Cl, solution of 2
prepared in situ from (dppe)PtCl, and 2 equiv of AgOTf
yielded 93% pure A, uncontaminated by free BINOL (7%
1 by 3P NMR; 'H NMR spectrum in Figure 1b).}1
Analogues of A with counterions BF,~, PFs~, and SbFg~
were also prepared by adding 1 to solutions of (dppe)-
PtCl, and the appropriate silver salts.’?2 31P and 1H
NMR spectra of all these complexes were identical,
suggesting that the counterions are not closely associ-
ated with Pt in A and that triflate is therefore not the
fourth ligand L in the coordination sphere of Pt in
structure 4. Note that crystals of A suitable for X-ray
diffraction could not be obtained; numerous attempts
always yielded A as a yellow oil.
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The conclusion that L = OTf~ was supported by our
initial interpretation of the 3P NMR data for A as
follows. In the 3P NMR spectrum of A, the resonance
at 31.8 ppm with 1Jp_p¢ = 3690 Hz was initially assigned
to phosphorus trans to a BINOL oxygen (structure 4)
because its chemical shift and P—Pt coupling constant
were similar to those of 1 (0 27.2, 1Jp_pt = 3640 Hz).
The magnitude of the P—Pt coupling constant for the
other 3P resonance (6 49.6, 1Jp_pt = 3090 Hz) was then
considered too small to be consistent with coordination
of a ligand that exerts only a weak trans influence on
phosphorus,!® such as triflate, water, or even chloride
(compare to 1Jp_p; = 4160 for (dppe)Pt(OTf),,22 3950 for
[(dppe)Pt(OH,),]? [OTf] 2,22 3620 for (dppe)PtCl,14). Yet,
the coupling constant was too large to account for
coordination of a strong trans director, such as a

(11) AgCl, the byproduct when 2 is formed from (dppe)PtCl, and
AgOTf, was always removed from the reaction mixture by filtration
before 1 was added to 2 to avoid decomposition of solutions of A
generated by this route (solutions turned brown and precipitate formed
if AgCl was present).

(12) Decomposition of BF,~, PFs~, and SbFg~ versions of A was often
unavoidable, perhaps because AgBF., AgPFg, and AgSbFs are some-
what soluble in CD,Cl,, precluding complete removal of excess AgX
from solution by filtration. Also, unidentified symmetric and asym-
metric species other than A and B were often observed in 3P NMR
spectra of these reactions, even before decomposition was evidenced
by color changes and precipitate formation.

(13) (a) Pidcock, A.; Richards, R. E.; Venanzi, L. M. J. Chem. Soc. A
1966, 1707—1710. (b) Appleton, T. G.; Bennett, M. A. Inorg. Chem.
1978, 17, 738—747.

(14) Gugger, P.; Limmer, S. O.; Watson, A. A.; Willis, A. C.; Wild,
S. B. Inorg. Chem. 1993, 32, 5692—5696.
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o-bound alkyl group or phosphine (!Jp_pt = 1790 for
(dppe)PtMe,,13b 2270 for [(S,S-chiraphos),Pt]2+[CI],1%).
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Because similar structures had previously been re-
ported by Pregosin® and others’ (for example 5), we
then hypothesized that two of the double bonds of
BINOL might coordinate to the Pt centers of dimer A
in an »2-fashion, filling the fourth binding site in each
Pt square plane (structure 6).18 Although few square
planar Pt(11) complexes containing an n?-olefin ligand
trans to a phosphine (PBus) have been observed, the
P—Pt coupling constants reported for them (3200—3400
Hz) are similar to those of A.»® Coordination of BINOL
double bonds to Pt might also account for the doublets
observed at 6 5.61 and 5.76 ppm in the 'H NMR
spectrum of A (Figure 1), since C=C binding is expected

(15) Keégl, T.; Kollar, L.; Szalontai, G.; Kuzmann, E.; Vértes, A. J.
Organomet. Chem. 1996, 507, 75—80.

(16) (a) Feiken, N.; Pregosin, P. S.; Trabesinger, G. Organometallics
1997, 16, 537—-543. (b) Feiken, N.; Pregosin, P. S.; Trabesinger, G.
Organometallics 1997, 16, 5756—5762. (c) Pregosin, P. S.; Trabesinger,
G. J. Chem. Soc., Dalton Trans. 1998, 727—734. (d) den Reijer, C. J.;
Woérle, M.; Pregosin, P. S. Organometallics 2000, 19, 309—316. (e) den
Reijer, C. J.; Drago, D.; Pregosin, P. S. Organometallics 2001, 20,
2982-2989. (f) den Reijer, C. J.; Dotta, P.; Pregosin, P. S.; Albinati, A.
Can. J. Chem. 2001, 79, 693—704.

(17) Coordination of BINAP to Ru by an aryl double bond: (a)
Pathak, D. D.; Adams, H.; Bailey, N. A.; King, P. J.; White, C. J.
Organomet. Chem. 1994, 479, 237—245. (b) Wiles, J. A.; Bergens, S.
H.; Vanhessche, K. P. M.; Dobbs, D. A.; Rautenstrauch, V. Angew.
Chem., Int. Ed. 2001, 40, 914—919. Coordination of PPh3 to Mo or Ru
by an aryl double bond: (c) Cheung, T.-Y.; Szalda, D. J.; Bullock, R.
M. Chem. Commun. 1999, 1629-1630. (d) Aneetha, H.; Jiménez-
Tenorio, M.; Puerta, M. C.; Valerga, P.; Mereiter, K. Organometallics
2002, 21, 628—635.

(18) Actually, four different C,-symmetric structures can be drawn,
in which each Pt of dimer A coordinates to one double bond of BINOL
(6a—d). The structures differ as to which BINOL double bond
coordinates to Pt (C,=C,; for 6a and 6b vs C3=C, for 6¢c and 6d) and
whether the double bond binds to the same Pt center as the oxygen
nearest it (6a and 6¢) or to the other Pt of the dimer (6b and 6d). The
gross features of the 3P and *H NMR data for these structures are

expected to be similar.
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(19) Cross, R. J.; Davidson, M. F. J. Chem. Soc., Dalton Trans. 1987,
139-143.
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Figure 2. 3C and *H NMR chemical shifts for the BINOL
ligand in (dppe)Pt(S-BINOL) (1).

to disrupt the aromaticity of the oxygen-substituted
BINOL rings, potentially shifting the 'H NMR reso-
nances for protons on the C3;=C,; bond (structure 6)
upfield from the aromatic to the alkene region of the
spectrum. Although no upfield shift was reported for
analogous protons in Pregosin’s complex 5, p?-coordina-
tion of the C;=C, bond of BINAP to Ru was clearly
evidenced by characteristic upfield shifts of the 13C NMR
resonances for C; and C, to 88.2 and 56.9 ppm,
respectively.1® Therefore, 13C NMR data for A (obtained
via 2D 18C/*H correlation experiments) were examined
for evidence of BINOL double-bond coordination to Pt.

(4) Investigation of the Structure of A by 2D
NMR. A concentrated solution of A (93%; 7% 1) in
CD,Cl, was prepared by the “comproportionation”
method (Scheme 3), and one-dimensional 3C{*H} and
13C{31P,'H} NMR spectra, as well as 2D gradient COSY
(*H—1H through-bond coupling), HMQC (one-bond
13C—1H coupling), and HMBC (long-range ¥C—!H cou-
pling) spectra were acquired. Analogous spectra of a
CD,Cl; solution of pure 1 were also acquired and
compared with those of the A/l mixture to identify
resonances due to the impurity. All proton resonances
in the 1D 'H NMR spectra of A and 1 were assigned
using the COSY data. Carbon resonances in the
13C{31p,1H} spectra were assigned with the aid of
HMBC and HMQC data.1620 HMBC spectra proved
particularly helpful for identifying resonances due to
carbons without protons bonded to them, as cross-peaks
indicated the coupling of 13C and 'H nuclei separated
by three bonds. For example, BINOL C; was readily
identified via its coupling to H3 and Hg, while C, was
distinguished by its coupling to H, (see Figure 3 and
Supporting Information). Reconciliation of the known
structure of 12! with 'H and ¥C NMR data was
straightforward, producing the 'H and 3C chemical
shift assignments listed in Figure 2.22

The 13C NMR data for A, however, were not consistent
with structure 6. Although a resonance was observed
at 89.0 ppm in the 13C NMR spectrum of A, in the region
expected for a carbon o-bound to Pt, the second low-
field resonance predicted for 6 was missing. Instead, a
resonance was unexpectedly observed at 201.5 ppm, in
the C=0 region of the spectrum! These resonances were
assigned via HMBC to BINOL carbons C; and C,,
respectively (Figures 3 and 4; structure 7).23 Moreover,
comparison of the 13C NMR spectrum of A with that of
(S,S-chiraphos)Pt(R-Me,BINOL) (8), whose Me,BINOL

(20) Due to extensive coupling of 13C to 3!P in 13C{!H} spectra, 3!P-
decoupled 13C spectra proved more tractable.

(21) Brunkan, N. M.; White, P. S.; Gagné, M. R. Angew. Chem., Int.
Ed. 1998, 37, 1579—1582.

(22) Only BINOL data are given in Figure 2. See Supporting
Information for dppe data.

(23) Pt satellites were not observed for any 13C resonances of A, even
in 3'P-decoupled spectra.
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Figure 3. Part of the 500 MHz gradient HMBC spectrum
of A, showing the coupling of protons three bonds away to
C: (Hs, Hg) and C; (H,). C;, also shows weak coupling to
Hs, two bonds away. The BINOL protons of A are num-
bered as shown in Figure 4 (vide infra). See Supporting
Information for complete 12C and *H chemical shift assign-
ments for A.
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Figure 4. 13C and 'H NMR chemical shifts for the “diketo”
BINOL ligand in A. Structure 7 is consistent with the NMR
data for A.

518C

-

82.4
195.5
147.4

© »~ N

140.6

Figure 5. 13C NMR chemical shifts for selected carbons
of the “keto” half of the Me,BINOL ligand in (S,S-
chiraphos)Pt(R-Me,BINOL) (8).

ligand has undergone “enol—keto” tautomerization,
enabling it to bind to Pt in an unusual C,0 fashion,
revealed that the 13C NMR chemical shifts of all the
BINOL resonances of A (C;, Cy, C4, and Cqy are diag-
nostic) are similar to those of the “keto” half of
Me,BINOL in 8 (Figure 5).5> Note that the structures of
both 8 and the related C,0-bound complex (dppe)-
Pt(R-Me;BINOL) (pictured in the Introduction section,
vide supra) have been determined by X-ray crystal-
lography, unequivocally documenting the tautomeriza-
tion of 3,3'-Me,BINOL and its C,O-coordination to the
P,Pt center.®

Remarkably, both C,-symmetric halves of BINOL
have apparently undergone “enol—keto tautomerization”
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in A, destroying the aromaticity of both oxygen-
substituted BINOL rings. Thus the C3=C, bond of the
modified ligand is olefinic rather than aromatic; how-
ever, only one of the protons on this double bond is
shifted upfield from the aromatic to the alkene region
in the 'H NMR spectrum of A (Hs, 5.61 ppm; Figure
1b). The other upfield resonance (5.76 ppm) in the
proton spectrum is assigned (via COSY data) to Hg, one
of the protons on the back, still-aromatic ring of the
modified BINOL ligand (Figure 4). Although highly
unusual, this chemical shift for Hg is consistent with
1H NMR data observed for the analogous proton on the
“keto” half of Me;,BINOL in the C,0-bound complexes
8 and (dppe)Pt(R-Me;BINOL) (Hg resonances are dou-
blets at 5.75 and 5.80 ppm, respectively).2* The upfield
shift of Hg in these Pt-“keto-BINOL” complexes could
arise from shielding by a well-organized z-stack between
one of the P—Ph groups of dppe and the back BINOL
ring (see X-ray structure of 8)° or may reflect the
electronic consequences of Pt g-coordination to Cy, only
three bonds away from it. In any case, observation of
the characteristic upfield shift of Hg in the 'H NMR
spectrum of A strongly supports the “diketo” structure
assigned to the bridging BINOL ligand in structure 7.

The 89.0 ppm 13C NMR chemical shift observed for
C; clearly indicates coordination to Pt via a Pt—C ¢
bond. Additionally, the symmetry of dimer A requires
that both the adjacent, equivalent carbons C; and Cy
of “diketo” BINOL are coordinated to chemically equiva-
lent (dppe)Pt fragments.?® Steric as well as symmetry
considerations dictate that these (dppe)Pt moieties bind
in an anti fashion to opposite faces of the “diketo” ligand
(structure 7). The fact that no other carbon resonances
(besides C;) of BINOL or dppe exhibit upfield shifts in
the 3C NMR spectrum precludes z-coordination of
ligand C=C bonds to Pt in A. Instead, »*-coordination
of the carbonyl groups of “diketo” BINOL to Pt through
the oxygen atoms is proposed to fill the fourth coordina-
tion site of each Pt(ll) center, forming favorable five-
membered metallochelate rings (structure 7). Coordi-
nation of the C=0 moiety to Pt is expected to be more
sterically viable, as well as more thermodynamically
favorable,?6 than OTf~ binding. #2-Binding of C,=0 to
Pt in A is deemed unlikely because C, in A resonates
downfield of C; in the “keto” half of the BINOL ligand
in 8, rather than exhibiting the significant upfield 13C
NMR shift characteristic of a metal-bound carbon atom.

By comparison with the 3P NMR spectra of 8 and
the related C,0-bound complex (dppe)Pt(R-Me,BINOL),
in which the phosphorus trans to the o-bound carbon
of the “keto” half of Me,BINOL resonates at ¢ 48.7
(YIp—pt = 2440 Hz) or 6 46.4 ppm (*Jp—pt = 2510 Hz),
respectively,® the resonance at ¢ 49.6 ppm (!Jp_pt =
3090 Hz) in the 31P NMR spectrum of A was assigned
to the phosphorus trans to o-bound C; of “diketo”
BINOL. The fact that the Pt coupling of P trans to C;

(24) See the Supporting Information from ref 5.

(25) We also considered a monomeric (dppe)Pt(“keto-2-naphthol”)
structure (9), which could be formed by cleavage of the C;—Cy: bond of
BINOL, for A; however, this structure was incompatible with the 'H
NMR data for A (no H; resonance was observed) and with the fact
that exposing A to water generates free BINOL. Subsequent attempts
to prepare 9 from (dppe)Pt(ONp), and 2 were unsuccessful (vide infra).

(26) Complexes of the dicarbonyl chelates N-acryloyloxazolidinone
and Diels—Alder adduct (eq 1) with [P,Pt]>" are more thermodynami-
cally stable than P,Pt(OTf),, suggesting that C=0 binds more strongly
to Pt than OTf~.2a
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in A is 580—650 Hz larger than that of the analogous
phosphorus in the previously observed complexes indi-
cates that the Pt—C bond is weaker in A than in C,O-
bound species such as 8.2 This disparity can be attrib-
uted to coordination of the C;-bound enolate carbonyl
group in A to a Lewis acidic Pt center, which inductively
withdraws electron density from the carbonyl group and
Ci, leaving less electron density in the Pt—C; bond. The
resonance at 0 31.8 ppm (!Jp—pt = 3690 Hz) in the 3P
NMR spectrum of A was then assigned to the phospho-
rus trans to the Pt-coordinated carbonyl group. The fact
that the Pt coupling for P trans to O=C is 300—420 Hz
smaller than the coupling constants previously mea-
sured for [(dppe)Pt(L)]>"[OTf]~» complexes containing
bidentate, #'-bound dicarbonyl ligands (L = N-acryoy-
loxazolidinone, Diels—Alder adduct (see eq 1))22 suggests
that the carbonyl groups of A bind more strongly to Pt
than those in other complexes.'® This behavior reflects
the enolate nature of the carbonyl group in A, as the
partial anionic charge (67) on its neighbor C; inductively
increases electron density on the carbonyl oxygen,
enabling greater O—Pt o-donation.

In complex 8, minimization of steric conflict between
the methyl groups of 3,3'-Me;BINOL and the phenyl
groups of the conformationally unyielding S,S-chiraphos
ligand was postulated to trigger the enol—keto tau-
tomerization of BINOL and formation of Pt—C bonds.®
However, the reasons for “double BINOL tautomeriza-
tion” and formation of dimeric structure A are less
obvious. To explore the generality of structures such as
A, we tried to prepare analogues of the complex;
however, no other species like A were observed. For
example, attempts to make a monomeric version of A
containing the ligand 2-naphthol (ONp) rather than
binaphthol (structure 9), by reaction of (dppe)Pt(ONp),
with 2, did not lead to ONp tautomerization (Scheme
4). Instead, a new yellow species (10) with a symmetric
31P NMR spectrum (s, ¢ 36.1, 1Jp_py = 3830 Hz) was
obtained. The *H NMR spectrum of 10 contained
resonances for Pt-coordinated NpO and dppe ligands
in a 1:1 ratio, but was devoid of resonances upfield
of 6.0 ppm. A 13C{31P,'H} spectrum of 10 also dis-
played resonances for only the usual “enol” form of a
Pt-naphtholate. On the basis of these NMR data, 10
was tentatively identified as the dimer [(dppe)Pt-
(u-ONp)]22T[OTf]2.2728 Also, efforts to generate an
R-BINAP analogue of A by addition of 1 equiv of HOTf
to (R-BINAP)Pt(S-BINOL) instead merely produced
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Summary and Conclusions

A novel [(dppe):Pt(u-BINOL)2[OTf] > dimer (A) can
be cleanly produced by addition of 1 equiv of HOTTf to
(dppe)Pt(S-BINOL) (1) or via “comproportionation” of
1 with (dppe)Pt(OTf), (2). 1H, 3P, and 13C NMR data
for A, as well as 2D 'H/*H and 3C/*H correlation
experiments, revealed that both halves of the bridging
BINOL ligand have undergone “enol—keto” tautomer-
ization in this complex. Two symmetry-equivalent (dppe)-
Pt fragments coordinate in an anti fashion via Pt—C o
bonds to the adjacent atoms C; and Cy of the resulting
“diketo” BINOL ligand. p!-Coordination of the carbonyl
groups of “diketo” BINOL to Pt is proposed to fill the
fourth coordination site of each Pt square plane in dimer
A, generating favorable five-membered Pt-chelate rings.

The reasons for enol—keto tautomerization and for-
mation of Pt—C bonds in A are not as straightforward
as in the case of 8 (minimization of steric strain).
However, we postulate that the driving force behind the
formation of dimer A is primarily electrostatic in nature.
In other words, formation of a dinuclear, BINOL-bridged
structure from 1 and 2 occurs largely because this
structure allows the +2 charge localized on the electron-
deficient Pt center of 2 to be distributed throughout the
entire dimer (two Pt centers plus the bridge) in A. The
energetic advantages of this arrangement clearly out-
weigh the unfavorable entropic costs of dimerization (in
the dppe case; steric constraints must prove prohibitive
in the R-BINAP case, since an R-BINAP analogue of A
was not observed). Furthermore, enol—keto tautomer-
ization of BINOL substantially lowers the enthalpic
costs of the dimerization reaction, as two weak Pt—0O
bonds and an unfavorable seven-membered metalloch-
elate in 1 are replaced by two strong Pt—C ¢ bonds and
two five-membered chelate rings in A, while two stron-
ger C=0O—Pt interactions replace the very weak
Pt—OTf bonds of 2. Finally, reaction of 2 with the
relatively stable species 1 to produce A again demon-
strates that 2 acts as a strong Lewis acid whose Pt2"
center is highly electrophilic and extremely reactive.

The fact that A forms only when less than 2 equiv of
HOTTf are added to 1 during generation of the Pt Lewis
acid catalyst 2 (Scheme 1) also proved useful during
Diels—Alder experiments (eq 1).2 Because HOTT itself
is a highly reactive (albeit nonselective) Brgnsted acid
that catalyzes the Diels—Alder reaction far more ef-
ficiently than [P,Pt]>",2° even very small amounts of

(27) A similar Pd,(u-OAr), dimer has been reported: Ruiz, J.; Marti,
J. M.; Florenciano, F.; Lopez, G. Polyhedron 1999, 18, 2281—2285.

(28) Formation of 9 is less favorable than formation of A both
because the “keto” tautomer of NpOH is less accessible than the “keto”
tautomer of BINOLS? and because 5!-coordination of the C=0 group
to Pt in 9 would yield a sterically strained four-membered chelate ring,
rather than the five-membered chelate of A.
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HOTf present in a catalytic reaction mixture may
significantly enhance Diels—Alder reaction rates. Ob-
servation (by 3P NMR) of small amounts of A (<3%) in
solutions of 2 ensured that no excess HOTf was added
to 1 during catalyst activation, making it certain that
acceleration of Diels—Alder reactions involving 2 stemmed
entirely from catalysis by 2 and decomposition products
thereof.?>

Finally, the observation of M—C bonds in A demon-
strates once again that the potential for C- rather than
O-based coordination to Pt or Pd must be kept in mind
when considering the reactivity of organometallic
P,Pt/Pd complexes, particularly when ligand tautomer-
ization is possible.2*7

Experimental Section

General Methods. All chemicals except R-BINAP, dppe,
and silver salts AgOTf, AgBF4, AgPFs, and AgSbFg (Strem)
were purchased from Aldrich. S-BINOL (>98% ee) was ob-
tained by resolution of rac-BINOL with N-benzylcinchonidin-
ium chloride.?® The silver salts AgX were dried in vacuo at
room temperature for at least 24 h prior to use and stored
under N, (AgOTf at —35 °C). HOTf was distilled under static
vacuum (35 °C/30 mTorr), giving a colorless liquid that was
stored in a glass-capped Schlenk flask under N, and redistilled
at the first hint of color. CD,Cl, was vacuum transferred from
CaH; and stored under N,. Pt complexes (dppe)PtCl,,* (dppe)-
PtCO3,2 (dppe)Pt(S-BINOL) (1),2 and (R-BINAP)Pt(S-BINOL )%
were prepared according to literature protocols and were dried
in vacuo at 55 °C overnight before use to remove traces of
water.

All reactions were performed under N, in an MBraun Lab-
Master 100 glovebox. $tP{*H}, 3C{*H}, and 'H NMR spectra
were recorded on a Bruker Avance 400 MHz spectrometer;
B3C{3P,'H} NMR spectra were recorded on a Bruker AMX 300
MHz instrument; 2D gradient COSY, NOESY, HMQC, and
HMBC spectra were recorded on a Bruker Avance 500 MHz
spectrometer. Chemical shifts are given in ppm and referenced
to residual solvent peaks (*H and **C NMR) or to an external
standard (85% H3POy4, 3P NMR).

Formation of A from 1 and HOTT. A solution of 1 (12.7
mg, 13.2 mmol) in CD,Cl, was prepared in the glovebox in an
NMR tube capped with a rubber septum. Outside the glovebox,
HOTf (1.2 uL, 13.6 umol) was added through the septum using
a 10 uL syringe. A 3P{*H} NMR spectrum of the yellow

(29) At 195 K, complete conversion is attained in <5 min when 10
mol % HOTT is used to catalyze the Diels—Alder reaction in eq 1,
whereas [P,Pt]>*-catalyzed reactions require several hours to reach
completion under identical conditions.?

(30) Cai, D.; Hughes, D. L.; Verhoeven, T. R.; Reider, P. J. Tetra-
hedron Lett. 1995, 36, 7991—7994. Also, note that using rac-BINOL
rather than S-BINOL for the experiments described in this paper gave
identical results.

(31) Andrews, M. A.; Gould, G. L.; Klooster, W. T.; Koenig, K. S;
Voss, E. J. Inorg. Chem. 1996, 35, 5478—5483.

(32) See the Supporting Information from ref 2a.
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reaction mixture showed 93% A (d 6 49.6, 2Jp—p = 9.0 Hz, 1Jp_p¢
= 3090 Hz, trans to Cq; d 6 31.8, 2Jp_p = 9.0 Hz, 1Jp_p = 3690
Hz, trans to C,;=0) and 7% [(dppe)Pt(x-OH)],.?"[OTf]~, (B; s,
0 32.8, 1Jp_pt = 3606 Hz). One equivalent of free S-BINOL was
observed by *H NMR (Figure 1a).

Formation of [(dppe)Pt(u-OH)],*" [OTf] > from (dppe)-
Pt(CO3) and 1 Equiv of HOTT. Using the same procedure
for generation of A from 1, [(dppe)Pt(u-OH)].> [OTf], (B) was
generated from 12.5 mg of (dppe)PtCOs (19.1 umol) and 1.7
uL of HOTf (19.2 mmol) in quantitative yield by 3P NMR.

Formation of A by “Comproportionation” of 1 and 2.
In the glovebox, (dppe)PtCl; (34.3 mg, 51.6 umol) and AgOTf
(27.3 mg, 106.3 umol) were combined in CDClI; to generate 2.
The reaction mixture (a suspension of white solid in colorless
solution) was stirred for 30 min, and the insoluble byproduct
AgCIl was removed by filtration. The filtrate was added to
yellow solid 1 (49.9 mg, 51.8 umol) in a J. Young NMR tube,
which was sealed with a Teflon stopcock and shaken until all
the solid dissolved, producing a dark yellow solution. A 3P
NMR spectrum of the reaction mixture showed 93% A and
7% residual 1. The sample was used for 1D '3C{'H} and
13C{3'P,'H} and 2D NMR experiments; no decomposition was
observed over 7 days.

Reaction of (dppe)Pt(ONp). with 2. As described for
preparation of A from 1 and 2, a CD,Cl; solution of 2 prepared
from (dppe)PtCl; (7.9 mg, 11.9 umol) and AgOTf (9.4 mg, 36.6
mmol) was added to yellow solid (dppe)Pt(ONp).% (10.8 mg,
12.3 umol), producing a yellow solution. 3P NMR showed
quantitative formation of a symmetric Pt complex (6 36.1,
Jp_pt = 3830 Hz).

Reaction of (R-BINAP)Pt(S-BINOL) with 1 Equiv of
HOTT. Using the same procedure for generation of A from 1,
1.3 uL of HOTT (14.7 umol) was added to 16.0 mg of (R-BINAP)-
Pt(S-BINOL) (14.5 mmol) in CD.Cl;, producing a yellow
solution. 3P NMR showed 50% (R-BINAP)Pt(OTf), and 50%
(R-BINAP)Pt(S-BINOL).3*
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