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The 1,4-addition of organometallic reagentsutg-unsaturated
compounds is a widely used process for carboarbon bond
formation?! Chiral catalytic system for the 1,4-addition of aryl and
alkenylboronic acids has been developed by use of a Rh/binap
catalyst?2 Although its catalytic cycle has been proposed on the
basis of NMR studies of the intermediaféts kinetic understanding
has not been afforded due to the difficulty of analysis of the
multistep catalytic reactiohRecently, Blackmond developed the
methodology of reaction progress kinetic analysis utilizing reaction
calorimetry and provided a powerful tool for kinetic analysis on
complicated catalytic reactions including transition-metal-catalyzed 0
reactions. Here we report a detailed kinetic study of Rh/binap- (PHBIOH), (1)) (W)
catalyzed l,4-addltlon .Of phenylboronlc a.CId dcﬁ-unsatqrated Figure 1. Rate vs L] and rate/[Rhf® vs [1] (inset) for the reactions of
ketones. An inactive dimeric hydroxorhodium complex is found \yith 2 in 1,4-dioxane (3.0 mL) and 40 (0.3 mL) in the presence of
to be a dominant species in the catalytic cycle, which was confirmed [B(OH)s]o = 260 mM at 50°C. The progress of the reaction runs from

by quantitative investigation of the nonlinear effect. right to left in these figures. The data during the first 3 min were omitted
for the clarify. The solid lines represent the kinetic model given in eq 2.

Reaction conditions: (alllo = 71.7 mM, R]o = 194 mM, [RR4] = 8.00
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Scheme 1 mM Rh; (b) [l]o = 128 mM, P]o = 248 mM, [RR4] = 8.00 mM Rh; (c)
Me [Rh(OH()((R)-)binap)lz Ph Mo [1]o = 69.7 mM, P]o = 124 mM, [RR4] = 8.00 mM Rh; (d) [L]o = 88.7
FZ RR-4 mM, [2]o = 197 mM, [RR4] = 8.00 mM Rh; (e) LJo = 66.0 mM, P]o =
PhB(OH)2 +/ﬁr B(OH)3 \/\OT( ) 184 mM, RR4] = 16.0 mM Rh.
i + B(OH)3
1 2 1,4-dioxane/HoO (10/1) 3 . . »
50 °C Scheme 2. Reaction Network of Rh/Binap-Catalyzed 1,4-Addition
of Phenylboronic Acid (1) to Methyl Vinyl Ketone (2)
The reactions between phenylboronic acid (PhB(QH#) and PhB1(OH)2 k B(OH)s
an excess amount of methyl vinyl ketone (MVR)8 in aqueous H K. >—<
1,4-dioxane in the presence of [Rh(OHRJ{binap)p (RR4) as a O dimer OH _Ph
catalyst and boric acid ¢B0s)° (Scheme 1) were continuously [RhIC__C[RN] [Rhl\s | [Rh]\Sol
monitored in a reaction calorimeter (Omnical SuperCRC), and the 8 4 5 20 6
kinetic behavior was analyzed by using the method of [“excess”] Ph Me Me
; ; ; ; Sol = solvent \/\ﬂ/ k: Z
relationship and graphical rate equation developed by Black- [Rh] = Rh(R )-binap o 3 2 HO + O 2

mond!%11Constant catalyst concentration and steady-state behavior
were confirmed by the results of kinetic profiles for two reactions forming oxosr-allylrhodium, and its hydrolysis giving the 1,4-
at the same [“excess”] overlaid with one another when plotted as addition product and hydroxorhodium species. Due to the half-
rate versus the concentration of PhB(@QH)] (Figure 1, a and b). order kinetics in [Rh}a, this catalytic cycle was modified to involve
The plot of rate versus]] is a straight line suggestive of first-  an equilibrium between the monomeric spedeand the dimeric
order kinetics, and zero-order kinetics in the concentration of MVK hydroxorhodium4, which is characterized by the dimerization
[2] is confirmed by the reaction employing different [“excess”] (a, constantKgmer (Scheme 2}? The dissociation of the catalytically
¢, and d). It is significant that the reaction rate does not show inactive dimer4 forms the active monomeric rhodius) which
proportional increase by the addition of catalyst. Rate divided by has a reactive vacant site coordinated weakly with a solvent
the square root of rhodium concentration (rate/[RIf]°) is plotted molecule. As a kinetic model, we assumed the transmetalation step
versus PhB(OH)concentration]] to show that the reaction is half- ~ characterized by the rate const&at The subsequent two steps,
order in rhodium concentration throughout the entire course of the insertion of MVK 2 and hydrolysis forming producs, were
reaction (Figure 1, inset, a and e). combined and characterized by the rate conskaht Using the
Our previous NMR studies have revediéuat the catalytic cycle ~ Steady-state treatment for the rhodium spedjés and6, we wrote
involves transmetalation of phenyl group from boron to hydroxo- @ reaction rate expression (eq 1). The large valugigye, which

rhodium, addition of the resulting phenylrhodium bond to an enone S demonstrated by the half-order kinetics in [Bh] simplifies eq
1 to eq 2, which is in good agreement with the reaction orders in

t Kyoto University substrates and catalyst described above. Excellent fits between
* Mitsubishi Pharma Corporation. experimental rate data and calculated rate were found when the
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constant for eq 2 has the valuelaf(2K gime)®°> = 12 M~05s571 (R?
= 0.98)14

2k k[PhB(OHL(DIIMVK( 2)I[Rh] ora

T A A+ 8K gne(MVK( 2] R 12
A= k,[PhB(OH),(1)] + k, [MVK( 2)] (1)
y= LS[PhB(OH)Z(l)][Rh] 0> 2)
(2Kdimer)0. o

The existence of the dominant dimeric species prompted us to
carry out a quantitative nonlinear effect (NLE) analysis, because
NLE is generally attributed to the formation of diastereomeric
species or higher-order agglomerate$’® NMR of the racemic
binap—hydroxorhodium complex (10 mM in 1,4-dioxane®i(10/

1) at 29°C) showed only one doublet 8t54.9 Hz (Jp_grn = 185

Hz), which is the same as that of enantiopure binlapdroxo-
rhodium complex, indicating that the homochiral dimer is over-
whelmingly more stable than the heterochiral dimer. Kitamura and
Noyori described mathematical treatment of NLE in their reports
on asymmetric alkylation of aldehydes with dialkylzinc reagéfts.
A negative NLE in egogand an amplified reaction rate are expected
in our reaction system characterized by the preferential formation
of homochiral dime#>16 Considering that the formation of het-
erochiral dimerRS9 is negligible, calculation to obtain the
concentrations of monomerR-b] and [S-5] is very simple, readily
available from the dimerization constaltmer Obtained for the
homochiral dimer. The equations forpgg and the reaction rate
(veo are defined by the concentrations of active monomeric rhodium
complexes R-5] and [S-5], where egyouee(>99% ee) andioouee

are the enantioselectivity and the rate of the reaction by the
enantiopure catalyst, respectivély.

e —oo [REI-[SH] Ve _[RE+[SH
o= elOO%eTR'5] + [S5] VlOO%ee_ [R-5]1000ee

3

Scheme 3. Nonlinear Effect and Equilibrium Scheme
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A negative NLE was actually observed in Rh/binap-catalyzed
asymmetric addition of PhB(OH)(1) to 2-cyclohexenoneT,
giving phenylation produd? 4 ([R] > [, Scheme 3, and squares
in Figure 2). The dimerization constant was estimated t&fg.r
= 8 x 10? M1 by fitting the deviation from the linear relationship
as well as the increase in the reaction rate to eq 3 (solid lines, Figure
2). By substituting thisKgmer value for the slope of eq 2
(ki/(2Kgime)®° = 12 M~%5s71), the rate constant for transmetalation
k, is readily extracted to b& = 0.5 M1 s71. Thus, we finally
obtained kinetic constants for bolth and Kgimer. Unfortunately, it
is statistically difficult to extract the constark, under our
experimental conditions.

In conclusion, our detailed kinetic study and quantitative
simulation of nonlinear effect determined the rate constant for rate-
determining transmetalation and the dimerization constant, revealing
that the reaction mechanism involves the equilibrium between the
catalytically inactive dimeric hydroxorhodium complex [Rh(OH)-
((R)-binap)}L (RR4) and the active monomeric specke€l and that
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Figure 2. €yod VS €@a: (left) and vedviooneeVs €@at (right). Simulation

(solid lines) and observation (squares) of the nonlinear effect in the reaction

of 1to 7.
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the inactive dimer specid®R 4 is the resting state. These results
are consistent with our previous reaction mechanism proposed by
the NMR studies of key intermediatés.
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