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Abstract: Results from a mechanistic study on the Ni(COD),—bipy-catalyzed alkylation of anhydrides are
consistent with turnover-limiting reductive elimination at high Et,Zn concentrations. While the presence of
styrene does not affect the initial rate of alkylation, it appears to inhibit catalyst decomposition and provides
higher product yield at long reaction times. In contrast, Ni(COD),—'PrPHOX-catalyzed anhydride alkylation
proceeds through two competing catalytic cycles differentiated by the presence of styrene. The presence
of styrene in this system appears to accelerate rate-limiting oxidative addition and promotes the cycle
which proceeds 4 times more rapidly and with much higher enantioselectivity than its styrene-lacking
counterpart.

Introduction yields of the desired ketoacids provided in high yields by
bipyridine (bipy,1) for succinic anhydrides and pyphd3 ¢or
glutaric anhydride4.The power of this methodology lies in the
ability to transform cyclic carboxylic anhydrides into ketoacid
derivatives with stereodefined backbones. While excellent
enantioselectivities have been realized for succinic anhydrides
using a similar palladium-catalyzed systérhe desymmetri-
zation of glutaric anhydrides has generally resulted in moderate
nantioselectivitie,the best of which are observed with Ni-
COD), and isopropyl-phosphinooxazolin®(PHOX, 3).

Metal-catalyzed cross-coupling reactions have revolutionized
methods through which molecules are assembldspite the
success of transition metal-catalyzed cross-coupling, frontiers
remain in this area, including the use of spupling partners
and the challenge of introducing or defining stereochemistry.
Although a wide variety of activated acyl species have been
utilized in the formation of ketones, anhydrides have only
recently been investigated as acylating agents in metal-mediate
reactions: The Rovis group, among othetfias been engaged
in the development of cross-coupling reactions of carboxylic

anhydrides. We have discovered the alkylation of cyclic rH £ NicoD),
anhydrides with organozinc nucleophiles, catalyzed by nickel ﬁo _ligand _
species, which produces 1,4- or 1,5-ketoacids (eq 1). Both R 3 RaZn

bidentate N,N and P,N ligands have been utilized, with optimal
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oxidative addition or transmetalation is typically the turnover-
limiting step of catalysis. Although a single example of rate- ot of | { anhycride4) alky/ )
it ; Sinati ; Figure 2. Plot of initial rate of anhydride 4) alkylation versus the
Ilmltlpg redl_Jctlve elimination has been propo@amb_ detailed _concentration oft: [NI(COD)s] = 7.7 mM, [bipy] = 8.2 mM, [A-F-sty-
kinetic studies have been reported to support this hypothesis. enej= 16 mm, [Ebzn] = 0.15 M at 0°C.

To address current shortcomings in our newly developed

methodology, we initiated a mechanistic study to determine the 15.0 -
catalytic cycle. Herein we report the results of this study, 12.0 4 5 & =
including a description of the catalytic cycle and its dependence
upon the ligand, bipy dPrPHOX, and an outline of the different ';::' 9.0 1
role of styrene in each system. (10" Ms") 6.0 |
Results and Discussion 30 |
Our study began with the investigation of the alkylation of 00
cis-1,2-cyclohexanedicarboxylic anhydrio#) (In situ IR spec- 0 0.003 0.006 0.009 0.012

troscopy was utilized to monitor the reaction, which was carried 4F-Styrens (M)
out with diethyl zinc, catalyzed by Ni(COBand bipy (Scheme ) _— i i
9 The alkvlation reaction is tvoically carried out in the Figure 3. _Plot of initial rate of e}nhydrlde4) alkylat!on versus the
1). Yy yp y - = concentration of 4-fluorostyrene: [Ni(COR)= 7.7 mM, [bipy]= 8.2 mM,
presence of 4-fluorostyrene, as the presence of this additive[Et,zn] = 0.15 M, 4] = 0.10 M at 0°C.
provides qualitatively higher yields and shorter reaction tiffés. . . .
Addition of styrene has previously been utilized by Knochel, information led to the proposed catalytic cycle (Scheme 2). The
who proposed that styrene accelerates cross-coupling reactiongéaction rate displays first-order dependence on catalyst (Figure
by facilitation of reductive eliminatio° Due to apparent  1),** but zero-order dependence upon anhydddgigure 2).
mixed kinetic dependences observed at full reaction time, the The initial rate is also independent of 4-F-styrene under all con-
method of initial rates was used to determine the reaction rate. centrations, including the complete absence of styrene (Figure
Kinetic Study. Variation of the concentration of each reaction 3)- Variation of E;Zn concentration results in nearly first-order
component and compilation of the corresponding rate data behavior at low concentrations, but little to no dependence at
resulted in the determination of the kinetic rate law. This concentrations above 0.14 M (Figure 4). This saturation behavior
observed with variation of EZn concentration indicates a shift
(7) For leading references, see: (a) Amatore, C.; Jutandl. Arganomet. in the turnover-limiting step. This observation is consistent with
Chem.1999 576, 254. (b) Espinet, P.; Echavarren, A. Wngew. Chem., N . .
Int. Ed. 2004 43, 4704. (c) Frisch, A. C.; Beller, MAngew. Chem., Int. turnover-limiting transmetalation at low #£n concentrations.

Ed. 2005 44, 674. (d) Denmark, S. E.; Sweis, R. F. Am. Chem. Soc. i i -
2004 126, 4876, () Andereon. T, 3. Jonee. G, D.. Vicic. D A At higher concentrations of EZn the second-order process of

Chem. S0c2004 126, 8100. (f) Trost, B. M.J. Org. Chem2004 69, transmetalation proceeds more rapidly, resulting in an equilib-
3813. (g) Belda, O.; Moberg, Gec. Chem. Re2004 37, 159, (f) Jones. — rium between intermediate® and C (Scheme 2). Reductive
. D.; Martin, J. L.; McFarland, C.; en, O. R.; Rall, R. E.; Haley, .. . . . g
A. D.; Brandon, R. J.; Konovalova, T.; Desrochers, P. J.; Pulay, P.; Vicic, €limination, a first-order process that does not significantly
D. A. J. Am. Chem. So@006 128 13175. TR, i ;
(8) Giovannini, R.: Knochel. PJ. Am. Chem. Sod.998 120, 11186. accelerate with increasing #n concentration, becomes rate
(9) No reaction betwee#and EpZn is observed in the absence of Ni(CQD)

(10) (a) Giovannini, R.; Saemann, T.; Dussin, G.; Knochel, Rngew. Chem., (11) The intercept of this plot is 0.4 107> M s~1. Independent studies have
Int. Ed.1998 37, 2387. (b) Giovannini, R.; Stlemann, T.; Devasagayaraj, shown that in the absence of Ni(CODho reaction occurs betweenEn
A.; Dussin, G.; Knochel, PJ. Org. Chem1999 64, 3544. and4 after 6 h atroom temperature. See ref 4b.

J. AM. CHEM. SOC. = VOL. 129, NO. 9, 2007 2719



ARTICLES Johnson et al.

15 - Scheme 3. Synthesis of Intermediate B and Tentative Assignment
° of Intermediate C by 13C NMR Spectroscopy
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Figure 4. Plot of initial rate of anhydride 4) alkylation versus the ® Ni j
concentration of BZn: [4] = 0.10 M, [Ni(COD)] = 7.7 mM, [bipy] = c BN

8.2 mM, [4-F-styrene}r 16 mM at 0°C.
at —45 °C resulted in several changes to the solution. Reso-

? nances corresponding to labeled anhydridg-6 were still
-10 visible, and those from produé#C-7 slowly appeared. More
a1 importantly, resonances corresponding to intermedadésap-
In(kiT) peared, and new resonances corresponding to a transient species
12 were observed ab 174.2 and 213.5. These transient peaks,
43 which disappeared as the reaction reached completion, are
tentatively proposed to correspond to intermedidaie

-14 : : : : : . (Scheme 3¥>16

0.0031  0.0032 00033 0.0034 00035 00036 0.0037 Reversible Oxidative Addition. Despite the absence of

1 anhydride4 from the rate law, it is proposed that initial oxidative
Figure 5. Eyring plot constructed from the rate constants determined from addition is fast and reversible, as the oxidative addition products
theoinitial rate of alkylation oft with Et;Zn at temperatures between O and 5.0 readily observed upon addition of an anhydride to @ Ni
arce. bipy solution!” We reasoned that if the equilibrium &f and
| B strongly favorsB (Scheme 2), then additional anhydride does
not significantly increase its equilibrium concentration and thus
results in no change in the initial rate. Support for this proposal
was obtained with a stoichiometric experiment. The oxidative
addition complex of Ni(CODR)-bipy with anhydrided, prepared
by addition of 1 equiv of} to 1 equiv of Ni(COD) and bipy in
the presence of 2 equiv of 4-F-styrene, was treated with 1 equiv
of cis-2,3-dimethyl succinic anhydrid&) and 0.9 equiv of Et
Zn (Figure 6)8 Upon workup, ketoacidS and7, derived from
4 and®6, respectively, were obtained in a 1.5:1 ratio. Isolation
reported above, the rate law under these conditions is first orderOf bOth products clearly |nd|cates_ _that oxidative addition is
in catalyst and zero order in both ¥t and4, and the rate reversible. When Fhe or der of add|t|_on was reversed, p rodu_cts

5 and7 were obtained in a 1.3:1 ratio, further supporting this

constants were determined as such. The resulting rate constants . . . A "
- . . . conclusion. Observation of reversible oxidative addition suggests
were utilized to construct an Eyring plot (Figure 5), which

provides activation parameters AH* = 14.7 + 2.4 kcal/imol that at low anhydride concentrations, beyond the detection limits
andAS — —18.84+ 3.8 eu ' ' of our instrumentation, first-order rate dependence would be

Examination of the Resting State The reaction was further observed.
examined using!3C-labeled 2,3-dimethylsuccinic anhydride Styrene Effect.Also noteworthy is the absence of 4-F-styrene

(1%C-6).13 Addition of 1 equiv of Ni-bipy and 2 equiv of from the rate law, despite rate-limiting reductive elimination at

4-fluorostyrene to 5 equiv 0fC-6 allowed the observation of

limiting under these conditions. This represents an unusua
turnover-limiting step for catalytic cross-coupling and is par-
ticularly rare for the formation of carbercarbon bond$?
Determination of Activation Parameters. To further probe
the nature of the anhydride alkylation, the temperature depen-
dence of the reaction was explored. Initial rates for the alkylation
of 4 with Et,Zn were determined for reactions performed
between 0 and 4FC, using standard reaction conditions:
[4] = 0.10 M, [EbZn] = 0.15 M, [Ni(COD)] = 7.8 mM,
[bipy] = 8.0 mM, [4-F-styrenel= 15.7 mM. From the data

(15) See Supporting Information for full reaction details 4% NMR spectra.

resonances consistent with intermedidde by 13C NMR When a similar reaction is ca}rir@i‘(e:d out in the absence of 4-fluorostyrene,
. no appreciable difference in tl NMR spectrum is observed.
spectroscopyd( 176.7 and 249.4 at60°C in THF'd8) (SCheme (16) To the best of our knowledge, there have been no reports of isolated Ni

3)_14 Subsequent addition of a |arge excess (35 equiv) sArEt acyl-alkyl species. Several reports have appeared of isolated compounds
that form ketones upon treatment with another reagent, presumably through

such an intermediate. Grignard addition to a Nil#icyl species; see: (a)

(12) Pfretzschner, T.; Kleeman, L.; Janza, B.; Harms, K.; Schradezh&m. Saruyama, T.; Yamamoto, T.; Yamamoto, Bull. Chem. Soc. Jpri976
Eur. J. 2004 10, 6048. Other systems with rate-limiting reductive 49, 546. (b) Stoppioni, P.; Dapporto, P.; Sacconi,lihorg. Chem.1978
elimination: C-H bond formation: (a) Halpern, &symmetric Synthesis 17, 718. Formation of ketones from CO insertion into a Nifithialkyl
Academic Press: New York, 1983; Vol 5, p 48-S bond formation: (b) complex; see: (c) Yamamoto, T.; Kohara, T.; YamamotoCAem. Lett.
Moreau, X.; Campagne, J. M.; Meyer, G.; Jutand BAr. J. Org. Chem. 1976 1217. (d) Yamamoto, T.; Kohara, T.; Yamamoto, Bull Chem.
2005 3749. Soc. Jpnl198], 54, 2161.

(13) (a) Rowley, J. M.; Lobkovsky, E. B.; Coates, G. WAm. Chem. Sodn (17) (a) Uhlig, E.; Fehske, G.; Nestler, B. Anorg. Allg. Chem198Q 465,
press. (b) Getzler, Y. D. Y. L.; Kundnani, V. K.; Lobkovsky, E. B.; Coates, 141. (b) Komiya, S.; Yamamoto, A.; Yamamoto, €hem. Lett.1981,
G. W.J. Am. Chem. SoQ004 126, 6842. 193. (c) Sano, K.; Yamamoto, T.; Yamamoto, Bull. Chem. Soc. Jpn.

(14) Other acyt-nickel 13C NMR data: (a) Schultz, C. S.; DeSimone, J. M.; 1984 57, 2741.

Brookhart, M.J. Am. Chem. So2001, 123, 9172. (b) Shultz, C. S (18) We have yet to successfully isolate a metallacycle corresponding to
DeSimone, J. M.; Brookhart, MOrganometallics2001, 20, 16. intermediateB.
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Figure 6. Experiment testing reversibility of oxidative addition.
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Figure 7. Plot of anhydride4 concentration versus time with 0.016 M
4-F-styrene ©) and without @) styrene: [Ni(COD)] = 7.1 mM,
[bipy] = 7.9 mM, 4] = 0.10 M, [EkZn] = 0.15 M. Inset shows
magnification of first 20% of anhydride consumption.

high EbZn concentration. Although the initial rates are identical

Scheme 4. Ni—Ethyl Complex Catalytic Cycle

0 NiL,
R Et lEtzzn
OZnEt o
)/"M £®
OZnEt N
@N
RN
Et’ ' (N O

\A Et,Zn

alkylation of 1,2-cyclohexanedicarboxylic anhydrid® (vith
Et,Zn.

One remaining mechanistic possibility involves the reversible
formation of an EfZn—nickel metallacycle coordination com-
plex prior to transmetalation. This case would also result in
saturation behavior, as complexation would limit catalyst
turnover at low EfZn concentrations, whereas transmetalation
would become rate limiting at high concentrations. Evidence
against this case is the relative rates of alkylation witfZEt
and Phzn. Formation of a Zn—Ni complex is expected to
be faster with the more Lewis-acidic #£m than with E$Zn,
yet alkylation with PhZn occurs more slowly. Furthermore, the
lack of precedent for the rate-limiting formation of such a
complex, in both stoichiometric and catalytic studies involving
rate-limiting transmetalation, suggests that this situation is
unlikely .20

to 15% conversion, the inclusion of styrene results in more rapid ~ An additional mechanistic variation, based upon the active
complete consumption of anhydride and higher ketoacid yields nickel species, may also be possible. The active catalytic species,
than reactions run in its absence. Investigation of the full reaction currently proposed as a neutral nickel species, may conceivably
by in situ IR spectroscopy displays a gradual retardation of be a nickel-ate complex. The reaction sequence may proceed
product formation in the absence of styrene (Figure 7). Conver- as proposed, only through an anionic manifold. Reductive
sion ends prior to complete anhydride consumption, implying elimination is expected to be relatively slow from an electron-

a catalyst degradation pathway which is inhibited by the
styrene!® To address the possibility of rate retardation due to

rich intermediate (Scheme 4).
Two other mechanisms have also been considered.f Ni

product inhibition, the reaction was performed in the presence bipy reacts with EZn, forming a NiEt complex, this
of 1 equiv of the zinc ketocarboxylate. The reaction rates through compound may subsequently add to one carbonyl of the

50% conversion were nearly identical in reactions in the

anhydride (Scheme 5). Subsequent opening of the anhydride,

presence and absence of product, both in the presence andollowed by transmetalation, closes the catalytic cycle. This
absence of styrene, indicating that product inhibition does not mechanism can be ruled out, however, as no reaction is observed

significantly contribute to the observed rate retardation.
Complete Catalytic Cycle. The results of this series of

upon addition of E&Zn to a solution of Ni-bipy in the absence
of anhydride. Furthermore, this mechanism cannot adequately

studies are in all regards consistent with a system in which, ataccount for the zero-order anhydride dependence and the

high concentrations of EZn, catalyst turnover is limited by
reductive elimination. Reversible oxidative addition of the

saturation kinetics observed upon variation ofZtconcentra-
tion.

anhydride to the metal center suggests that oxidative addition A mechanism consisting of oxidative addition followed by

occurs prior to the turnover-limiting step of the catalytic cycle.
The saturation behavior observed upon variation of th&rtt
concentration clearly indicates a change in rate-limiting step,

nucleophilic attack of BEZn to the metallacycle must also be
considered. Such a mechanism is provided in Scheme 6.
Following EbZn addition, the complex rearranges, providing

from transmetalation (presumably a second-order process thathe zinc carboxylate and closing the catalytic cycle. This

is first order in EtZn concentration) to a subsequent unimo-
lecular step which is independent of the concentration ef Et
Zn. This combination of observations indicates that reductive
elimination is the turnover-limiting reaction in the catalytic

(19) Scrivanti, A.; Beghetto, V.; Matteoli,
Crociani, B.Tetrahedron2005 61, 9752.

U.; Antonaroli, S.; Marini, A.;

mechanism is consistent with all kinetic data, in which nucleo-

(20) For leading references, see: Osakada, K.; Yamamot@odrd. Chem.
Rev. 200Q 198 379. See also: (a) Labadie, J. W.; Stille, J. X.Am.
Chem. Soc1983 105, 6129. (b) Grisso, B. A.; Johnson, J. R.; Mackenzie,
P. B.J. Am. Chem. Sod992 114 5160. (c) Farina, V.; Kapadia, S.;
Krishnan, B.; Wang, C.; Liebeskind, L. 3. Org. Chem1994 59, 5905.
(d) Denmark, S. E.; Sweis, R. F.; Wehrli, D.Am. Chem. So2004 126,
4865. (e) Denmark, S. E.; Sweis, R.J>Am. Chem. So@004 126 4876.
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Scheme 5. Ni—Ethyl Complex Catalytic Cycle
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Scheme 7. Desymmetrization of 4-Methyl Glutaric Anhydride 8 with
Et,Zn Catalyzed by Ni(COD), and 'PrPHOX in the Presence of
4-Fluorostyrene

R

O Ni(COD),
" o PrPHOX 0 Me ©Q
e —_—
4-fluorostyrene  HO Et
8 0 Ety,Zn 9
THF, 0°C

93%
61% ee

philic attack is rate limiting under low EZn concentrations

and the rearrangement is rate limiting at higher concentrations.
The data which eliminates this mechanism, however, is the

observation of the transient species’8¢ NMR spectroscopy
under catalytic conditions. The resonances at 174.2 and 213.
are not consistent with carboxylate and aftsybridized carbon,
thus suggesting that this mechanism is not in operation.
Change in Cycle with Diphenylzinc It should be noted,
however, that turnover-limiting reductive elimination is de-

25 -
20

Initial 15 |

Rate

(x10°Ms™)
10 - g
5
0 T : T )
0 01 0.2 0.3 0.4
Ph,Zn (M)

Figure 8. Plot of initial rate of anhydride 4) arylation versus the
concentration of P&Zn: [Ni(COD);] = 7.4 mM, [bipy] = 8.0 mM,
[4-fluorostyrene]= 16 mM M, [4] = 0.10 M at 0°C.

Table 1. Effects of Olefin Additives in the Yield and
Enantioselectivity of the Desymmetrization of 8 with Et,Zn,
Catalyzed by Ni(COD), and 'PrPHOX?

Entry Additive Yield (%) ee’ (%)
R
¥z
1 R =p-F 93 61
2 R =m-F 86 56
3 R=oF 80 44
4 R=H 92 63
X
5 40 <10
6 70 18
7 phXx-Ph <20 <10
P <15 10
9 none 77 4

aReactions conducted in the presence of Ni(CE@) mol %), PrPHOX
(12 mol %), additive (20 mol %) and 1.2 equiv of,Eh at 0°C in THF
for 14 h.PEnantiomeric excess determined by HPLC analysis of the
corresponding benzyl ester.

philes, transmetalation serves as the turnover-limiting step, a
result consistent with the comparative ease éfsp? reductive
elimination relative to that of gp-sp?.2%

5 Ni(COD),—'PrPHOX System.In previous work, we identi-

fied 'PrPHOX? as the most promising ligand for enantioselec-
tive anhydride alkylation with BEZn.#26 In the presence of
4-fluorostyrene, at OC, the desymmetrization of 4-methylglu-
taric anhydride8 provides ketoaci® in 93% yield and 61% ee

pendent upon the nature of the diorganozinc reagent. The (Scheme 7). During the course of optimizing reaction conditions,

arylation of 4 with PhpZn proceeds at a slower initial rate
(6.5 x 1075 M s71) than alkylation with EZn (11.2x 10°°M

s71) under identical conditions at low diorganozinc concentra-
tions (0.10 M4, 0.15 M RZn, 7.35 mM Ni(COD), 7.92 mM
bipy, 15.7 mM 4-F-styrene). In order to probe this reaction,
the concentration of BN was increased, and its effect on the
initial rate of reaction was observed. Up to 0.36 M2, well
above the saturation concentration for,Zt, the reaction
maintained its first-order dependence uposdPhconcentration
(Figure 8). This suggests that when using diarylzinc nucleo-

(21) Brown, J. M.; Cooley, N. AChem. Re. 1988 88, 1031 and references
therein.
(22) Helmchen, G.; Pfaltz, AAcc. Chem. Re00Q 33, 336.
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it was observed that in addition to the yields and reaction times,
the identity of the styrenic additive affects the enantioselectivity
of the transformation. To further examine this phenomenon, we
extended our use of additives to other olefins. The results of
this screen are shown in Table 1.

Whereas the qualitative effect of the olefinic additives is
similar to that observed in the Ni(COB)bipy system described
above, the observation of a change in enantioselectivity indicates
the role of the olefin must be more significant than prevention
of decomposition. In light of this evidence of styrene participa-
tion, as well as our interest in further developing the enanti-
oselective reaction, we began a second study to determine the
role of styrene in the Ni(COR)-'PrPHOX-catalyzed cycle and
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Scheme 8. Proposed Dual Catalytic Cycle for Alkylation of
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Figure 11. Plot of initial rate versus EZn concentration for the alkylation These data suggests a significant change in the relative rates

of 4-methylglutaric anhydrid®: [8] = 0.11 M, [Ni(COD)] = 6.5 mM,

[PrPHOX] = 7.2 mM, [styrenel= 0.032 M at 23°C of processes within the catalytic cycle from those observed in

the Ni(COD)—bipy system. First-order rate dependence upon

identify other differences between the Niipy and Ni- anhydride suggests that oxidative addition is turnover limiting,
'PrPHOX cycles. _ which effectively hides the nature of the following steps. In

Kinetics of Ni(COD),—'PrPHOX System. The study was  4qdition, the nonzero rate @ M styrene suggests the presence
carried out at room temperature utilizing 4-methylglutaric ¢ o separate catalytic cycles: a fast cycle in the presence of
anhydride §) in the presence of Ni(COB)'PrPHOX, and gty rene and a slow cycle in its absence. Scheme 8 depicts a
styreng, W'th_E'er_‘,a,s the alkylating age,”.t (Scheme 6). nguc proposed dual catalytic cycle consistent with the kinetic results.
analysis, again utilizing the method of initial rates, revealed first- . . . .
order rate dependence upon the concentration of catalyst and 1€ enantioselectivity of the alkylation 8fwith Et:Zn also
anhydride (Figures 9 and 10). In contrast to the earlier study, displays saturation behavior with increasing styrene concentra-
the reaction rate displays zero-order dependence upgmEt tion. In the absence of styrene, the enantioselectivity of the
concentration (Figure 11). Variation of styrene concentration Product ketoacid is only 4% but increases with styrene
results in saturation behavior of the reaction, which proceeds concentration, plateauing at 65% at concentratieis06 M
with an initial rate of 2.2< 10-5M s~1in the absence of styrene  (Figure 13). This observation provides further credence for the
and accelerates with increasing styrene concentration, plateauingwo-cycle mechanism. The slow cycle without styrene, provides
at approximately 8.0x 10> M s™! above 0.03 M styrene the ketoacid in 4% ee, while the cycle with styrene proceeds
(Figure 12). significantly faster and provides the product in approximately
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Scheme 9. 3P NMR Investigation of Catalytic Intermediates
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65% ee. The predominant cycle is dictated by the concentration

of styrene in the system.
Investigation of Resting State. This reaction was also
examined utilizing®®P NMR spectroscopy in order to observe

the resting state of catalysis. The stoichiometric reaction of

IPrPHOX with Ni(COD}) with 2 equiv of styrene resulted in a
new species with & NMR resonance ab 32.6 ppm,
tentatively assigned d& The3P NMR spectrum of the product
of addition of a slight excess of 4-methylglutaric anhydr&le
revealed two new resonancesya®9.6 and 22.5 (Scheme ).

8 followed by 10 provides 9:11 in >10:1 ratio

10 followed by 8 provides 9:11 in <1:10 ratio

Figure 14. Oxidative addition reversibility experiment with NiPrPHOX
and two glutaric anhydrides.
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Figure 15. Oxidative addition reversibility experiment with NiPrPHOX
and structurally different anhydrides.

These resonances, observed in a 2:1 ratio, are presumably due

to diastereomers. It should be noted that, although numerous
¢ the alkylation product ofl0, which was first added to the Ni-

diastereomers are possible, particularly with consideration o

styrene coordination and metal geometry, only two are observed. (COD)—

One of these diastereomers corresponds, tihe intermediate
resulting in the formation of the major enantiomer of product.

Finally, a3P NMR spectrum of a catalytically active solution
was obtained. At approximately 50% consumption of anhydride
8, the only3’P NMR resonance observed wa82.6, consistent
with intermediateE, as assigned by the stoichiometric experi-
ments. These results suggest that intermediaite the resting
state of catalysis, a result that is consistent with turnover-limiting
oxidative addition (Scheme 8).

Irreversible Oxidative Addition. The reversibility of oxida-

tive addition in the Ni(COD)—'PrPHOX system was tested in
a manner identical to that described for the Ni(C@B)ipy
system (Figure 6). The oxidative addition product was formed
using anhydride3 with a stoichiometric amount of Ni(CODB)
andPrPHOX, with 2 equiv of styrene (Figure 14). Addition of
3,5-dimethylglutaric anhydridelQ) was closely followed by
addition of ExZn. Analysis of the product mixture revealed a
greater than 10:1 ratio favorir@ the alkylation product 08,
a result which suggests that oxidative addition is irreversible.
To ensure that this ratio was due to irreversible oxidative
addition and not a result of an equilibrium, the order of addition
was reversed. Formation of the oxidative addition complex of
10 was followed by addition o8 and EtZn. Workup and

(23) See Supporting Information for full reaction details &RINMR spectra.
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analysis again revealed a greater than 10:1 ratio favdtihg

iPrPHOX complex. These results provide conclusive
evidence for irreversible anhydride oxidative addition.

To ensure that the differing catalytic cycles are a result of
the ligands rather than the anhydrides, the reversibility experi-
ments described above were repeated in a crossover manner
using succinic anhydridéand glutaric anhydrid8 (Figure 15).

In each case, the initially reacted anhydride was alkylated with
nearly complete selectivity over the second anhydride, indicating
that oxidative addition is irreversible for both glutaric and
succinic anhydrides in the NiPrPHOX-catalyzed alkylation.
These results suggest that the slight variation in mechanism
between the Nibipy- and Ni-PrPHOX-catalyzed reactions

is a product of the electronic influence of the ligand on the
identity and stability of the catalytic resting state.

The proposed catalytic cycle for anhydride alkylation cata-
lyzed by Ni(COD) and'PrPHOX predicts that, as anhydride
oxidative addition is the turnover-limiting step, the rate and
enantioselectivity of ketoacid formation should be independent
of the zinc reagent. Under high styrene concentration (0.062
M), the alkylation of8 was performed using BAn (Scheme
10). As predicted, the reaction rate, 5.8810°° M s%, and
enantioselectivity, 56% ee, were similar to those obtained using
Et,Zn under identical conditions (5.68 107> M s~ and 61%
ee). This observation, consistent with that predicted, provides
evidence that oxidative addition is the rate-limiting and enan-
tioselectivity-determining step.
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Scheme 10.  Comparison of Alkylation of 8 with PhoZn and EtzZn has revealed turnover limiting reductive elimination at high Et
o) Ni(COD), Zn concentration, an unusual occurrence for carbzarbon

4<:§O iPrPHOX j\)\i cross-coupling. We have also observed two significantly dif-
RyZn R OH

ferent roles for styrene. Although our results support the

O SWreNe LBt 61%ee qualitative observations of more facile cross-coupling in the
R=Ph 56%ee presence of styrene, alternate rationale for such improvement
Ni(COD),—'"PrPHOX Mechanism. The catalytic cycle pro- has been provided. Rather than assisting in reductive elimination,

posed for the N+PrPHOX catalyzed alkylation involves several styrene appears to influence catalyst stability and oxidative
notable factors, primarily focusing upon the role of styrene. addition in these two systems. In-Nbipy-catalyzed alkylation,
Rather than influencing reductive elimination, as is observed the presence of 4-fluorostyrene inhibits catalyst decomposition
in stoichiometric studied and hypothesized in catalytic cross- gn( provides higher yields at long reaction times, yet has no
coupling reactiond;!® the presence of styrene impacts the effect on the initial rate of reaction. In contrast, NPrPHOX-
oxidative addition step. This is somewhat counterintuitive as catalyzed alkylation proceeds via competing catalytic cycles
one might expect that coordination of an electron-deficient gjtferentiated by the presence of styrene. Through a mechanism
styrene should slow oxidative addition rather than accelerate 4 js not fully understood, the presence of styrene accelerates
this process. Furthermore, tlhe yarlatlon in enantloselecpwty with o idative addition and promotes a catalytic cycle that proceeds
the'nature of the. styreng !nd|cates t,h‘?t the styrene is pres.eng,nore rapidly and with higher selectivity than its styrene-lacking
during the enantioselectivity-determining step. One potential analogue. These results promise to impact the rational develop-

reason for this situation may be the inherent difference between . . .
. . . ment of new systems capable of catalyzing anhydride alkylation
a bidentate COD vs monodentate styrene ligand on nickel. For . . .
and to influence other cross-coupling reactiéhs.

steric or electronic reasontPrPHOX-Ni prefers to ligate
styrene over COD, thereby creating a three-coordinate Ni(0)  acknowledgment. T.R. thanks Johnson and Johnson, Merck,
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Conclusion

L . ing Inf ion Available: Experimental pr r
The kinetic study of these catalyst systems has provided . Supporting Information Available perimental procedures,

. . : . including spectral and kinetic data. This material is available
several notable insights. Analysis of the Ni(C@Bbipy system free of charge via the Internet at http://pubs.acs.org.
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