JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Rhodium-Catalyzed Asymmetric Ring Opening
Reactions of Oxabicyclic Alkenes: Application of
Halide Effects in the Development of a General Process
Mark Lautens, Keith Fagnou, and Dinggiao Yang

J. Am. Chem. Soc., 2003, 125 (48), 14884-14892+ DOI: 10.1021/ja034845x « Publication Date (Web): 08 November 2003
Downloaded from http://pubs.acs.org on March 30, 2009

R
P O‘
Rz hgand THF Y Nu
R4 Nucleophile (Nu) R4 C

R|:R2:H; R] :OCH3, RZZH; R]:H, RZZOCH:; Yield 44-99%
Nu = ROH, ArOH, RCO,H and RNH, Ee 29-99%

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 13 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja034845x

JIAICIS

ARTICLES

Published on Web 11/08/2003

Rhodium-Catalyzed Asymmetric Ring Opening Reactions of
Oxabicyclic Alkenes: Application of Halide Effects in the
Development of a General Process

Mark Lautens,* Keith Fagnou,* and Dinggiao Yang®

Contribution from the Daenport Research Laboratories, Department of Chemistry,
University of Toronto, 80 St. George Street, Toronto, Ontario, Canada M5S 3H6

Received February 24, 2003; E-mail: mlautens@alchemy.chem.utoronto.ca

Abstract: We have demonstrated halide effects in the rhodium-catalyzed asymmetric ring opening reaction
of oxabicyclic alkenes. By employing halide and protic additives, the catalyst poisoning effect of aliphatic
amines is reversed allowing the amount nucleophile to react in high yield and ee. Second, by simply changing
the halide ligand on the rhodium catalyst from chloride to iodide, the reactivity and enantioselectivity of
reactions employing an aromatic amine, malonate or carboxylate nucleophile are dramatically improved.
Third, through the application of halide effects and more forcing reaction conditions, less reactive oxabicycle
[2.2.1] substrates react to generate synthetically useful enantioenriched cyclohexenol products. Application
of these new conditions to the more reactive oxabenzonorbornadiene permits the reaction to be run with
very low catalyst loadings (0.01 mol %).

Introduction opening (ARO) reaction of oxabicyclic alkenes with a wide
range of nucleophiles including alcohols, phenols, anilines,
aliphatic amines, carboxylates, and malonates. Importantly, these
Deactivation is especially problematic with substrates containing N@lide studies provide a means of overcoming catalyst poisoning
thiols and amines that are known to bind strongly to soft associated with amine nucleophiles and a means of improving
transition metals.In order for more general and synthetically PO°" e4nant|oselect|V|t|es W't_hom needing _to change the chlral
useful processes to be developed, means of overcoming catalys gand? In some cases, an |mprpvemept in enantloselgctlvny
poisoning must be discovered and exploited. An equally Of greater than 50% ee is obtained, simply by changing the

important challenge is to find ways of changing a poorly halide _Iig_and on the chiral catalyst. We_also report conditions
selective catalyst into a highly selective one. In asymmetric that will induce the ARO of less reactive substrates for the

catalysis, the diversity of chiral ligands currently available makes gene_rf_;ltion of cyclohexengls and _the application of t_hese
it difficult to rapidly identify the “best’ one. conditions to achieve practical reactions that can be run in the

The important role of spectator ligands in transition metal 2PS€nce of solvent and with catalyst loadings as low as 0.01

ligand-substitution reactions has long been recognized. In themol % [Rh].

develt_)pment of new asymmetric_ transformations, .hovyever, Background

attention is usually paid to the choice of metal and chiral ligand .

whereas halide ligands within the coordination sphere are often We previously reported that alcohols and phenols were

regarded as being of secondary importance. In fact, mostexcellent nucleophiles in the rhodium-catalyzed asymmetric ring

discussions of halide ligands involve their removal from the ©pening (ARO) reaction of oxabenzonorbornadienes generating

coordination sphere and replacement with weakly coordinating trans-1,2-disubstituted dihydronaphthalenols in high yield and

anions such as triflate, hexafluorophosphate, and hexafluoro-€xcellent enantioselectivifyEfforts to extend these first genera-

antimonate When more detailed studies are performed’ inter- tion reaction conditions to other nUCleophile classes gave mixed

esting results have been obtairfed. results (Scheme 1). For example, aliphatic amines failed to react,
In this full report, we describe the application of halide effects and aromatic amines gave products with low ee. Malonate

in the development of the rhodium-catalyzed asymmetric ring

The utilization of metal catalyzed reactions in multifunctional
substrates is often thwarted by catalyst poisoning or deactivation.

(2) (a) Evans, D. A.; Murry, J. A.; von Matt, P.; Norcross, R. D.; Miller, S. J.
Angew. Chem1995 107, 864; Angew. Chem., Int. Ed. Engl995 107,

T Department of Chemistry, South China Normal University, Guangzhou, h . L
Guangdong, 436100, China. 1888(221?? Mahoney, D. J. R.; Belanger, D. B.; Livinghouse,Synlett
¥ Present address: Department of Chemistry, University of Ottawa, 10 (3) For a review dealing with halide effects in transition metal catalysis, see:
Marie Curie, Ottawa, Ontario, Canada K1N 6N5. Fagnou, K.; Lautens, MAngew. Chem., Int. EQ002 41, 26.
(1) For examples of catalyst deactiviation in olefin metathesis, see: (a) Fu, G. (4) For a preliminary communication of these results, see: Lautens, M.; Fagnou,
C.; Nguyen, S. T.; Grubbs, R. H. Am. Chem. S0d 993 115, 9856 (b) K. J. Am. Chem. So®001, 123 7170.
Bazan, G. C.; Oskam, J. H.; Cho, H.-N.; Park, L. Y.; Schrock, RJR. (5) (a) Lautens, M.; Fagnou, K.; Rovis, J.Am. Chem. So200Q 122 5650.
Am. Chem. S0d.991, 113 6899. (c) Schrock, R. R.; Murdzek, J. S.; Bazan, (b) Lautens, M.; Fagnou, K.; Taylor, MOrg. Lett. 200Q 2, 1677. (c)
G. C.; Robbins, J.; DiMare, M.; O'Regan, M. Am. Chem. Sod.99Q Lautens, M.; Fagnou, K.; Taylor, M.; Rovis, J. Organomet. Chen2001,
112 3875. 624, 259.
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Scheme 1 Table 1.
o] Q [Rh(COD)CI], / dppf
[Rh(COD)CI], (0.5mol%) ‘O ; Nucleophile (5 6quiv.) ‘O
7 =y . Additive (5 equiv.) BNy
PPF-PBuy (1.5mol%) N THE, reflux R'RN
1 Nucleophile OH OH
THF / reflux entry nucleophile additive time product  yield (%)
"First Generation Reaction Conditions” 1 N-methylaniline  none 30min @ 2 98
2 pyrrolidine none 6h 3 nr
Nucleophile Outcome 3 N-methylaniline  pyrrolidine 8h 2 nr

Conditions: Substrate, Rh(COD)gI[2.5 mol %), dppf (5 mol %)
dissolved in THF and heated to reflux. Nucleophile (5 equiv) and additive
(5 equiv if employed) added and reacted for indicated duratidfield
determined by*H NMR.

Alcohols and Phenols >90% vyield, >90%ee
no reaction

>90% vyield, 30-74%ee
<50% yield, 50%ee

>80% yield, 30-60%ee

Aliphatic amines
Aromatic Amines

Malonates lidine). When run independently\-methylaniline results in
complete consumption dfin less than 30 min (Table 1, Entry
1), while pyrrolidine fails to react afte8 h (Entry 2). When

both nucleophiles are added to the reaction mixtuesther

Carboxylates

0 [Rh(COD)CI], / PPF-P'Bu, No g 1) nucle(_)phile_adds a_fte6_ h (Entry 3), indicating that_ the
% OR Nucleophile Reaction q pyrrolidine is deactivating the catalyst and preventing the
OR THE. reflux addition of the otherwise good nucleophile. If the poor reactivity
2 ' of pyrrolidine resided solely with a problem of nucleophilicity,
then theN-methylaniline should have still reacted.
Py, NMe, The change in reaction color when aliphatic amines are added
to the catalyst mixture qualitatively supports the notion that the
Fe  Phe To  Ph aliphatic amines are reacting at the rhodium center. With good
= = nucleophiles such as alcohols, phenols, and aromatic amines,
PPhy the reaction mixture is typically dark red in color. When an
PPF-P'Bu, BPPFA aliphatic amine such as pyrrolidine is added to the reaction

mixture, an instantaneous color change to yellow is noted and

nucleophiles also reacted poorly, generating both low yields and "© 1N opening is observed. Because amines are known to be

enantioselectivities. We discovered conditions where carboxylate 900d ligands for rhgdiu_rﬁjt is likely that the catalyst poisoning
nucleophiles reacted in high yield, but again ee’s were poor. In MaY be due to binding/interaction of the basic amine to the metal

addition, when the substrate was changed to less reactiveC€nter.

oxabicyclo [2.2.1] adducts, no product formation was observed AS any interaction of the amine with the rhodium catalyst
even after prolonged reaction time (eq 1). should be affected by the presence of other species in solution

Overcoming Catalyst Poisoning with Aliphatic Amines. Capaple of bin(.:iin.g to the metal, the effect of additives was
In every instance, when the first generation conditions were examined. Preliminary studies revealed that the use of a proton/

employed with simple amines such as pyrrolidine, no reaction halide additive, such as N-HCI, promoted th.e. reaction
was observed. Given the importance of the 2-aminotetralin motif P&tween 1 and pyrrolidine. For example, addition of an
in medicinal chemistr§,we chose to probe the poor reactivity €duimolar amount of pyrrolidine and4&-HCI gives complete

of simple amines in detail. An important factor to determine Cconsumption ofl after 6 h at 5 mol %catalyst loading providing

was whether the lack of reactivity with aliphatic amines was a 3 In 85% isolated yield (Scheme 2).

consequence of poorer nucleophilicity or if they were reacting AS EBN-HCI contains a proton and a halide, reactions were
with the rhodium catalyst and poisoning the reaction. A performed to determine which aspect of this additive was

competition experiment was carried out involving a good nfluencing the reaction outcome. For example, addition of 5

nucleophile K-methylaniline) and a poor nucleophile (pyrro- €auiv of camphorsulfonic acid (CSA) and 10 equiv of pyrro-
lidine, resulting in the formation of a 1:1 mixture of free
(6) Aminotetralins have received increased attention in recent years since to pyrrolidine and pyrrolidine hydrosulfinate salt, to a reaction of
the discovery of potent anti-Parkinsonian activity of apomorphine. Cotzias, ; : ; . ;
G. C.; Papavasiliou, P. S.; Fehling, C.; Kaufman, B.; Men&ldw Engl. 1 with 5 mol % rhodium CataIySt n refluxmg THF gives 92%
J. Med.1970Q 282, 42. Since this time, structurally simplified analogues  conversion obtained after 25 h as observed by cthdMR.8
have been shown to maintain high affinity to the dopamine and/or serotonin . . " .
receptors. For example, Cannon prepared and tested several piperidine- 1h€ influence of chloride additive in the absence of a
fused analogues and found them to retain good binding to dopamine proton source was also examined. In this case, reactidh of

receptors. See: Cannon, J. G.; Amoo, V. E. D.; Long, J. P.; Bhatnagar, R. . . .. .
K. Feynn, 3 R Med Chemi986 29, 2529; Cannon, 3. G.: Lee T.  with 5 mol % catalyst, 5 equiv of pyrrolidine and 5 equiv of

Goldman, H. D.; Long, J. P.; Flynn, J. R.; Verimer, T.; Costall, B.; Naylor,  tetrabutylammonium chloride gives 91% conversion after 14

R. J.J. Med. Chem198Q 23, 1; Cannon, J. G.; Suarez-Gutierrez, C.; Lee, . .. . . .
T.: Long, J. P.: Costall, B.; Fortune, D. H.; Naylor, R.JJ.Med. Chem. h. While this is less than the time required to obtain the same

1979 22, 341. Wikstrom later showed that certain piperidine-fused analoges ¢gonversion with CSA. it is still longer than that required when
were devoid of dopaminergic activity, but showed serotonin agonism. !
See: Wikstrom, H.; Andersson, B.; Elebring, T.; Svensson, K.; Carlsson,
A.; Largent, B.J. Med. Chem1987, 30, 2169; Wilkstrom, H.; Andersson,

B.; Elebring, T.; Jacyno, J.; Allinger, N. L.; Svensson, K.; Carlsson, A;
Sundell, S.J. Med. Chem1987, 30, 1567; Wilkstrom, H.; Sanchez, D.;
Lindberg, P.; Arvidsson, Hacksell, L.-E.; U.; Johansson, A.; Nilsson, J. L.
G.; Hjorth, S.; Carlsson, Al. Med. Chem1982 25, 925.

(7) Comprehensie Organometallic Chemistryilkinson, G., Ed.; Pergamon
Press: Elmsford, NY, 1982; Vol. 5.

(8) Percent conversion in these reactions was determined by comparison of
the bridgehead proton signals of the oxabenzonorbornadiene to a mesitylene
internal standard in tht#H NMR of the crude reaction mixture.

J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003 14885
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Scheme 2

Pyrrolidine (5 equiv.)

1 Et;N.HCI (5 equiv.)®
THF / reflux
6 hours

~

o [Rh(COD)CI]; (2.5mol%) ‘ O
% DPPF (1 eq. to Rh) O‘“ ! l
OH
3 >98% conv.
85% yield

N

Pyrrolidine (10 equiv.) Pyrrolidine (5 equiv.) Pyrrolidine (5 equiv.)

CSA (5 equiv.)® BuyNCI (5 equiv.) Bu4NCI (5 equiv.)
CSA (1 sequiv.)b
92% conversion 91% conversion >98% conversion
after 25 hours after 14 hours after 5.5 hours
Protic Additives work Chloride Additives work Protons and Chloride
slowly alone slowly alone contribute in unison ’

aConditions: Substrate, [Rh(COD)EI{2.5 mol %) and dppf (5 mol
%) were dissolved inTHF and stirred at room temperature fob 3nin.

The halide additive was then added and the mixture heated and at first sign

of reflux, pyrrolidine (5 equiv.) was adde#.In reactions using CSA, it
was added immediately after the addition of the pyrrolidine nucleophile.

Scheme 3
[Rh(COD)CI], (2.5mol%)
DPPF (1 eq. to Rh)
Pyrrolidine (5 equiv.)

1 Additive (5 equiv.)
THF / reflux

OH 3

o

Additive Bu,NF BusNCI  BugNBr BugNI

BuyNI with 1
equiv. CSA

>98% conv.
after Shr

>98% conv.
after 2hr

17% conv.
after Shr

60% conv.

NR 25h
after 25hr after 5hr

Outcome

Halide Effect on Consumption of 1:
F<Cl<Br<lI

Conditions: Substrate, [Rh(COD)EI2.5 mol %) and dppf (5 mol %)
were dissolved in THF and stirred at room temperature fob 3nin. The

halide additive was then added and the mixture heated and at first sign of

reflux, pyrrolidine (5 equiv) was added.

EtzN-HCI is employed. By combining the protic (CSA) and
chloride (BuNCI) additives, complete consumptionbbccurs
in 5.5 h which is comparable to that obtained withNEHCI.

leads to a more rapid consumption of starting material, so that
100% conversion occurs after only 2 h.

Experimental evidence supports the hypothesis that the halide
additives are acting at the rhodium metal. A visual indication
is a change in color of the reaction solution depending on the
halide. As previously described, addition of an aliphatic amine
to a rhodium catalyst solution changes the color of the solution
from dark red to yellow which is associated with catalyst
poisoning. No ring opening is observed when this is the case.
When BuNI and CSA are added to this solution, a color change
back to dark red is observed over approximately 5 min and
reaction ofl with the aliphatic amine occurs. We also verified
that no reaction occurs with BNI, CSA, and rhodium catalyst
in the absence of nucleophile, indicating that the product is not
being formed by ring opening with the iodide followed by2S
displacement of the halide by the amine.

The effect of halide/proton additives was found to be
generally applicable for the addition of a variety of aliphatic
amines (Table 2). Although the use of amine hydrochlorides
could be employed for secondary amines, only the combination
of BuyNI and CSA gave complete consumption bfwhen
primary amines were used (Entries 7 and 9 vs 8 and 10). The
combined use of halides and acid represents a technically simple
method for the effective reversal of catalyst poisoning by
aliphatic amines.

The use of halide additives also has pronounced effects on
the enantioselectivity of the ARO reaction with aliphatic amines,
the nature of which is highly dependent on the chiral ligand
employed in the transformation (Table 3). Initial experiments
employed PPFPBuU, as the chiral ligand withp-methoxy-
benzylamine as the nucleophile along with 5 equiv gNR
and 1 equiv of CSA. Again, no reaction was observed when
BusNF was employed as the halide additive. With the other
halides a distinct trend in enantioselectivity was observed that
parallels reactivity. For example, BNCI gives9 in 52% yield
and 29% ee after 5 h, which increases to 67% and 42%
respectively when BINBr is used. The best results were
obtained with BuyNI, which gives9 in 72% yield and 72% ee
after similar reaction time.

These results demonstrate that both a proton and chloride ion Removing the chloride ligand from the coordination sphere
can act independently to induce a slow reaction, and act togetherof the rhodium and replacing it with iodide prior to the addition

to promote a faster consumption bf
The success of chloride ions in promoting ring opening in

of reagents and additives further improves the enantioselectivity.
The halide exchange is performed by dissolving [Rh(COD)-

the presence of aliphatic amines prompted us to investigate theCl]2and PPFPBL; in THF followed by transfer of this solution
effect of varying the halide (Scheme 3). To isolate any changes Vi@ cannula to another flask containing 1.5 equiv of silver triflate
in reactivity to the nature of the halide, these reactions were (Per chloride atom). After stirring for approximately 5 min, this
run in the absence of an added proton source. In a typical heterogeneous mixture is transferred to a flask containing 2

reaction, 1 was treated with 5 mol % catalyst, 5 equiv of
pyrrolidine and 5 equiv of RNX in refluxing THF. An
examination of the results reveals a distinct trend within the
halide group with respect to the time required to obtain high
conversion. For example, use of BLF did not promote reaction
after 25 h. With 5 mol % catalyst, BNCI gives 17% conversion
after 5 h by IH NMR, while BuNBr gives 60% conversion.
The best results were obtained with W, which gives
complete consumption df in less than 5 h. As was observed
with BusNClI, the addition of CSA in conjunction with BNI

(9) HCl is known to react stoichiometrically with rhodium-amine complexes

to generate anionic dihalorhodium species, see: Vallarino, L. M.; Sheargold,

S. W.Inorg. Chim. Actal979 36, 243.

14886 J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003

equiv of BuNI (relative to the rhodium monomer). After a few
minutes, the solution becomes dark red/brown and is ready to
be used. Application of this [RhI(PPAP'Bu,)] catalyst to the
reaction conditions using BMI and CSA as additives givel
in 71% yield and 81% e¥. Analogous results were observed
with dibenzylamine as the nucleophile. In this case, slightly
higher yields and enantioselectivities are obtained in the
formation of6 (Entries 5-7).

In contrast to the parallel trends in reactivity and enantio-
selectivity obtained with PPFPBuU; as the chiral ligand, use
of BPPFA gives an inverse relationship between reactivity and

(10) The establishment of the absolute stereochemistry of these dihydronaph-
thalene compounds has previously been reported. See: refs 4 and 5.
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Table 2. Scope of Ring Opening Reactions with Aliphatic Amines
0

[Rh(COD)CI], (2.5mol%)
4
% DPPF (1 eq. to Rh) R'RN‘“
1 Nucleophile
Additive OH
THF / reflux
entry nucleophile additive time product % yield? (conv.)
1 piperidine E4N-HCI (5 equiv) 16 h 4 84
2 diethylamine EN-HCI (5 equiv) 16 h 5 82
3 diethylamine TBAI (5 equiv)/CSA (1 equiv) 25h 5 85
4 dibenzylamine EN-HCI (5 equiv) 6h 6 84
5 dibenzylamine TBAI (5 equiv)/CSA (1 equiv) 0.5h 6 91
6 tetrahydroisoquinoline EN-HCI (5 equiv) 24 h 7 81
7 benzylamine EBN-HCI (5 equiv) 72h 8 31 (45)
8 benzylamine TBAI (5 equiv)/CSA (1 equiv) 6h 8 81 (>98)
9 p-methoxybenzylamine EN-HCI (5 equiv) 72h 9 44 (52)
10 p-methoxybenzylamine TBAI (5 equiv)/CSA (1 equiv) 7h 9 82 (>98)

Conditions: Substrate, [Rh(COD)EI{2.5 mol %) and dppf (5 mol %) were dissolved in THF andstirred fe53nin. The halide additive was then
added and the reaction mixture heated to relux. On first sign of reflux, the amine (followed by CSA if used) were éhlatkd yield.? Percent conversion
determined by crudéH NMR by comparison to a mesitylene internal standard.

Table 3. Effect of Halide Ligand on Enantioselectivity@ Table 4.
Jield (ee) [Rh(COP)CI]z (0.5mol%)
- PPF-P'Bu, (1.5mol%)
entry nucleophile product | PPF—PBu, BPPFA
1 p-methoxybenzylamine 9 Cl 52 (29) 57 (78) 1) THF, 5 min
2 p-methoxybenzylamine 9 Br 67 (42) 67 (39) 2) AgOTf (1.5mol%), 5 min
3 p-methoxybenzylamine 9 | 72 (72) 79 (33) 3) BuyNI (2mol%), 5 min
4 p-methoxybenzylamine 9 |b 71(81)
5 dibenzylamine 6 Cl 89 (31) 86 (76) bt
6  dibenzylamine 6 [RI(PPF-PBuZ)]
7 dibenzylamine 6

(0]
:b gi gg)) NHy4l (2.5 equiv.) ‘O
7 Amine (5 equiv.) RN
a2 mol % [Rh(COD)CI}, 5 mol % ligand, 5 equiv nucleophile, 5 equiv e et .

halide additive, 1 equiv CSA, 0.1 M in THE.Prior to the addition of the - -
reagents, a halide exchange was performed, see Experimental Seegon. entry nucleophile product yield (%)* ee (%)°

determined by CSP HPLC with a Chiralcel OD column. 1 dibenzylamine 6 86 99

2 tetrahydroisoquinoline 7 85 97
ee. As observed with PPFPBu,, the best reactivity with 3 4-methoxybenzylamine 9 81 92
BPPFA and p-methoxybenzylamine as the nucleophile is 4 n-methylpiperazine 10 96 99

obtained with BuNI as the additive. In contrast, BPPFA GIVes ¢ yiion (x Ligand= 1): [Rh(COD)CIL, (0.5 mol %), ligand (1.5
the product in higher enantioselectivity with BICI. These  mol %) added to flask followed by addition of AGOTf (2 mol %) then
results underline the complex nature of halide effects in EUA;NI_(4 me>| %f)I Tol\tlfll_lhsI V(vf; agdem f_o;lowed b)édh%at;nﬁ to fg"l;)X- ﬁ\]t

. . H H : H Irst sign or refiux, .0—< €equiv) was adde ollowe y e
enanthselgctlve catalysis and rpj'nforce the notion tha}t the halldenucleophile (3-4 equiv). The reaction was heated at reflux until complete
and chiral ligand act together to influence the selectivity in these as judged by TLC analysig.Isolated yield ee determined by CSP HPLC
transformations. with a Chiralcel OD or AD column.

To carry out multigram scale ring opening reactions, alterna- ) o ) _ ) )

tives to the use of tetraalkylammonium salts was required to enantioselectivity associated with aromatic amines could be
facilitate product isolation which was greatly impeded by the improved by simply changing the halide ligand on the rhodium
formation of emulsions during extracti3hTo overcome these  catalyst.
technical difficulties, NHI was employed, resulting in higher Initial reactions employel-methylaniline as the nucleophile.
yields and enantioselectivities as well as easier product isolation.Rhodium catalysts with F, Cl, Br, and | ligands were examined,

For example, application of the halide exchange protocol to the as well as the cationic triflate complex. The results are described

reaction of1 with a variety of amines using 1= equiv NHi in Scheme 4. A prominent halide/counterion effect was noted
provides the corresponding products in good yield and 92 t0 in these reactions. With-methylaniline, the best results are
98% ee (Table 4). obtained with the triflate, F and | catalysts.

Improving Enantioselectivity with Activated Amines. The
enhanced enantioselectivities obtained with aliphatic amines
using the [Rk-I] catalyst prompted us to investigate the
influence of the halide ligand on ee with activated amine
nucleophiles. It is important to note that aromatic amines induce
ring opening without the use of halide/protic additives, but
because the halide was found to influence both the reactivity
and the enantioselectivity, we questioned whether the poor

The effect of the catalyst counterion was investigated with
other activated nucleophiles. Good yields and excellent enan-
tioselectivities can be obtained with a variety of activated amines
including tetrahydroquinoline, phthalimide, 4-nitroaniline, and
1-aminonaphthalene (Table 5). Our preferred catalyst is the
rhodium-iodide complex, due to its ease of preparation and the
high yields and enantioselectivity associated with its use.
Although the cationic triflate catalyst can be used in some cases
(11) See Lautens, M.; Fagnou, K.; Zunic, @rg. Lett. 2002 4, 3465. to generate the product in high ee, the reaction outcome is

J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003 14887
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Table 5. Effect of Counterion on Enantioselectivity?
Q [Rh'X] / PPF-P'Bus,
% Nucleophile (5eq)

Nu\\“

THF / reflux
1 OR (R=H, TBS)
yield (ee®)
entry nucleophile product OTf F Cl Br |
1 tetrahydroguinoline 11 94 (96) 92 (96) 89 (65) 86 (74) 95 (91)
2 phthalimide 12 0° 74 (94) 55 (45) 78 (79) 90 (98)
3 4-nitroaniline 13 89 (584 86 (92}
4 1-aminonaphthalene 14 79 (48y4 84 (91}

a Conditions: Prior to the addition of the reagents, a halide exchange was performed by dissolution of [Rh(g@®@ip! %), PPFPBu, (1.5 mol
%) in THF and then sequential treatment with AgOTf (1.5 mol %) as)R(2 mol %). To this solution was added the substrate and 5 equiv nucleophile,
0.2 M in refluxing THF.P ee was determined by CSP HPLC with a Chiralcel OD or AD colufittalide exchange was not performed; [Rh(COD)]
mol %) and PPFPBu, (2.5 mol %) were disolved in THF and used direcfliProduct was isolated as thert-butyldimethylsilyl ether for ease of separation
from unreacted nucleophil@Only decomposition to naphthol was observed.

Scheme 4
[Rh(COD)CI], (0.5mol%)
PPF-P'Bu, (1.5mol%)
1) THF, 5 min
2) AgOTf (1.5mol%), 5 min
3) BuyNX (2mol%), 5 min (or no halide)
(0]

[Rh'X] / PPF-P'Bu, °
N-Methylaniline (5eq)

AT Syes

THF / reflux
1 Me
Yield (ee)
OTf 93 (96)
F 91 (96)
Cl 92 (70)
Br 90 (78)
| 97 (92)

dependent on the amine used. For example, although excellen

results are obtained with the rhodium-triflate catalyst with
N-methylaniline, only decomposition to naphthol is observed
when phthalimide is employed (Entry 2). High yields and ee’s
are also obtained with the rhodium-fluoride catalyst; however,

the hygroscopic nature of the fluoride salts makes this method

technically difficult compared to the use of iodide salts in the
preparation of the Rhl catalyst. The fact that both fluoride
and iodide generate the product in high ee Wtimethylaniline

is difficult to explain, because they lie at opposite ends of the
halide group and exhibit different properties. We are continuing

to investigate halide/ ligand combinations and the change in ee
to develop a deeper understanding of these effects. Regardles

the ability to improve the enantioselectivity of a chiral catalyst

by changing the halide ligand represents a useful tool in the

development of new asymmetric transformations.

We established that the trends are due to the nature of the
halide and do not arise from other factors produced by the halide

exchange protocol. The reactions witrmethylaniline and
tetrahydroquinoline were performed with a catalyst prepared
by simply combining [Rh(COD)C}]and PPFPBu, andwith

a catalyst where the chloride was first removed with AgOTf
then added back in the form of BWCI. With both nucleophiles,
similar yields and enantioselectivities were obtained with both
procedures.
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Table 6. Ring Opening with Stabilized Carbon Nucleophiles

o) [Rh(COD)CIl, (2.5mol%)
DPPF (1 eq. to Rh) ‘O
4 R«
RI_R? (sequiv) )
1 R2

OH
THF, reflux
entry nucleophile Rt R? rxntime  product  yield (%)?
1 15 COMe COMe 48h 19 51
2 15— Nasalt CQMe COMe 24h 19 NR
3 15EtN COMe COMe 24h 19 19
4 16 COMe NO; 30 min 20 92
5 17 SOPh -CN 30min 21 94
6 18 COMe -NC 8h nr

Conditions: [Rh(COD)CH (2.5 mol %), dppf (5 mol %), nucleophile
(5 equiv), andl reacted in THF (0.1 M) at refluX Isolated yield.

Carbon-Based Nucleophiles and the Formation of Carbor
Carbon Bonds. The observation that heteroatom nucleophiles
that performed best in the absence of additives h&{seralues
between 9 and 16 led us to examine analogous reactions with
{nalonate nucleophiles. Initial experiments revealed that treat-
ment of1 with 5 equiv of dimethylmalonat&5 under rhodium
catalysis produceti9in only moderate yield, giving incomplete
conversion after prolonged reaction times (Table 6, Entry 1).
Reaction with the sodium salt @6 resulted in no reaction after
24 h, and the use dI5 and an equimolar amount of triethyl-
amine resulted in an erosion of reactivity compared to when
no base was added (Entries 2, 3). In contrast to the poor
reactivity of dimethylmalonate, other activated carbon nucleo-
philes reacted in high yield. For example, reactiorlefith 5
equiv of (phenylsulfonyl)acetonitrild6 or (phenylsulfonyl)-
nitromethanel7 and 5 mol % catalyst efficiently induces ring
opening and generate2) and 21 in 94% and 96% yields
respectively (Entries 4 and 5). The regiochemistry and relative
stereochemistry o1 was proven by X-ray crystallograpHy.

We rationalize the difference in reactivity between dimeth-
ylmalonate and16 or 17 by invoking the ability of 1,3-
dicarbonyl compounds to bind in a bidentate fashion to transition
metal complexes. If coordination occurs, then poisoning of the
rhodium catalyst may result, providing an explanation for the
poor reactivity. In contrast to the efficient reactions with
andl17, isocyanidel8 did not induce ring opening. On addition
of the nucleophile to the catalyst solution, a color change from

(12) Lough, A. J.; Fagnou, K.; Lautens, Mcta Crystallogr.2002 E58 664—
665.
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Scheme 5 Table 7. ARO with Various Stabilized Carbon Nucleophiles
(1) [}
o) o LN o} [RhOX] (1mol%)
, _R0TOPPE_ ‘O : o ‘O (R){S)-PPF-P'Bu; (1.5mol%) ‘O
2, S : i iy
1 o5 070" o 0 1 R._R (5equiv.) g oH
2 X 2 CON o THF, reflux
THF / reflux F P ’
entry Xligand® nucleophile R group product yield (%)° ee (%)
J(HoHg) o ‘O "% Om, 1 cCl 15  COMe 19 54 51
14.4 Hz M +H 63)\5}0 2 I 15 COMe 19 93 98
o o ® 4 3 F 15 COMe 19 88 97
65%yield 0 2 4  OTf 15  COMe 19 0
red to green was noted, suggesting that the nucleophile was 5 I | 2; COEt (e 26 95 97
; ; ; 6 C 2 —CO,C(MepCO,C 24 24 87
interacting at the rhodium center. 7 | Py —COOMeRCOC 24 7 96

In another exampld, was reacted with 5 equiv of Meldrum’s
acid 22, whose 1,3-dicarbonyl groups are tied back in a ring  aconditions: (X Ligand= Cl): [Rh(COD)CIL (0.5 mol %), ligand (1.5
preventing bidentate coordination. Complete reaction was mol %), nucleophile (S equiv), additive (5 equiv), afdeacted in THF
observed \_Nitm _4 h anetermine_d by TLC analysis. Isolation ‘(’/Oojz,l-liga)me(ljt {fféurﬁo?‘;)r;d(;ti?snoslileg(irl{ I'Iglirl]:df:oIllgv}sdhésgeljgggﬁégll?r(gct)rlnent
of 23 at this point was not possible by flash chromatography, with AgOTf (2 mol %) then BuNI (4 mol %). To this,1 was added then
but treatment of the crude mixture with-3 equiv of triethyl- the nucleophile (5 equiv) followed by refluxing in THF (0.1 M) at reflux.

. . . . . Isolated yield.c ee determined by CSP HPLC with a Chiralcel OD or AD
amine led to the isolation &4 in 65% yield. Lacton@4would column.d Upon consumption of by TLC analysis, the crude mixture was
be produced by nucleophilic attack of the hydroxyl group on treated with 10 equiv BN at reflux for 3 h.
one of the two carbonyl groups &3. Loss of acetone and
subsequent decarboxylation generaf upon protonation
(Scheme 5). The trans stereochemistry2dfis supported by O [RhX(PPF-P'Bu,)] ‘O
analys_is of théH NMR coupling constant petweemlﬂnd H. % “Indole (4-5 equiv.) Qj\

The dihedral angle betweenyldnd H, predicted by molecular THE, reflux | OH
modeling (MM2) for the cis product is estimated af 3@hereas H 27
that of the trans product is 172The expectedH coupling
constant for the cis compound should be smal-§4Hz)
whereas that of the trans species should be large 140Hz). cl 87 8

The experimentally observeldvalue of 14.4 Hz provides strong | 93 97

evidence for the assignathnsrelative stereochemistiy.

We have also found that proper choice of the halide ligand Indole is also a good nucleophile in these transformations
on the rhodium catalyst improves the low reactivities and for the formation of new carbencarbon bonds. Although good
enantioselectivities associated with some malonate nucleophilegeactivity is observed with the rhodium-chloride catalyst, only
so that the reactions become nearly quantitatité KMR the rhodium-iodide catalyst provid&¥ in high enantioselec-
analysis) with greater than 90% isolated yields and greater thantivity (Scheme 6). In our initial report, we tentatively assigned
96% ee. Initial experiments revealed that a catalyst generatedthe product as thi-alkylated species, béH-3C coupled NMR
in situ by a combination of [Rh(COD)Gland PPFPBu, failed and H/D exchange revealed that alkylation occurs exclusively
to give complete conversion (54% yiel® in 57% after 24 h) at C.
with dimethylmalonate as the nucleophile (Table 7, Entry 1). ~ Carboxylate Nucleophiles and the Preparation of Allylic
Use of Meldrum’s acid with the [RhCI(PPAPBu,)] catalyst Acetates. We previously reported that the poor reactivity of
also gave low conversion, providirg in 24% yield and 87% carboxylic acids can be improved by the use of ammonium
ee (Entry 5). We were pleased to find that much better results carboxylate salt! As observed with other nucleophiles, low
could be obtained by employing the rhodium-iodide or fluoride enantioselectivities were obtained in the formatior28fand
catalyst, although the former was preferred due to its ease of29 with the first generation catalyst (Table 8, Entries 1 and 3).
preparation. By simply changing the halide counterion from Better results were obtained by using PFBu, with a
chloride to iodide, complete reactions were obtained in typically rhodium iodide or fluoride complex prepared in situ from the
less than 20 min. For example, reaction with 1 mol % [RhI- rhodium chloride. Using the halide exchange protocol, products
(PPF-PBuy)] and 5 equiv of dimethylmalonate givé8in 93% 28 and29 were obtained ir>90% yield and 94% ee (Entries 2
yield and 98% ee (Entry 2). Diethylmalonate reacts analogously, and 5). The difference in the enantioselectivities between the
providing 26 in 95% yield and 97% ee (Entry 4). Meldrum’s ~ chloro and the iodo complexes is particularly striking with
acid can also be used with the Rhcatalyst, giving24in 71% benzoate as the nucleophile. With the-RTi catalyst,29 is
yield and 96% ee (Entry 6). In contrast, use of the cationic formed in only 31% ee. Changing to the Rhcomplex gives
rhodium triflate catalyst results only in decomposition to 29in 91% yield and 92% ee. Methacrylic acid and propionic
naphthol (Entry 3). The improved reactivity of the rhodium- acid react in similar yields and ee’s (Entries 5 and 6).
iodide catalyst may be, in part, due to the robust nature of the Ortho-Substituted Phenol Nucleophiles.We previously
Rh—1 species that disfavors displacement of the halide ligand reported that 2-bromophenol was a poor nucleophile with the
by the 1,3-dicarbonyl anion. first generation catalyst generated from [Rh(COD)Gihd
PPFPBu,. When the rhodium source was changed from to

Scheme 6

Halide Ligand Yield (%) Ee (%)

(13) Pavia, D. L.; Lampman, G. M.; Kriz, G. S limtroduction to Spectros-
copy: A Guide for Students of Organic Chemist&nd ed.; Saunders
College Publishing: 1996; p 193. (14) Lautens, M.; Fagnou, Kletrahedron2001, 57, 5067.
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Table 8. ARO with Carboxylate Nucleophiles Table 10. Addition of Various ortho-Substituted Phenol
0 [RhOX] (1mol%) Nucleophiles
PPF-P'Bu, (1.5mol%) o Q .
4 Nucleophile (5 eq) )J\ . ; [RhI(PPF-P B_uz)] \‘
Additive (5 eq) R” O NuH (3-5 equiv.) o
1 THF / reflux OH THF, reflux X OH
entry X ligand?® nucleophile/additive product  yield (%)° ee (%)° entry ortho-substituent product yield (%)? ee (%)°
1 Cl ammonium acetate 28 81 61 1 F 33 86 99
2 I ammonium acetate 28 93! 92 2 cl 34 85 97
3 F ammonium acetate 28 87 94 3 | 35 60 96
4 Cl ammonium benzoate 29 72 31 4 -CN 36 65 99
5 | ammonium benzoate 29 9ud 92 5 OMe 37 58 99
6 | propionic acid/EfN 30 75 91 6 Ck 38 80 97
7 | methacrylic acid/EN 31 71 91 7 -COMe 39 41 97
a Conditions (X Ligand= Cl): [Rh(COD)CI} (0.5 mol %), ligand (1.5 Conditions (X Ligand= 1): [Rh(COD)CI], (0.5 mol %), ligand (1.5
mol %), nucleophile (5 equiv), additive (5 equiv), ahdeacted in THF mol %) added to flask followed by addition of AgOTf (2 mol %) then
(0.1 M) at reflux. Conditions (X Ligane- I): [Rh(COD)ClI], (0.5 mol %), BusNI (4 mol %). To this was added. The ortho-substituted phenol

ligand (1.5 mol %) added to flask followed by addition of AgOTf (2 mol  nucleophile (5 equiv) was added to this solution in THF (0.1 M) at reflux.
%) then BuNI (4 mol %). To this was addetl The nucleophile (5 equiv) a|solated yield P ee determined by CSP HPLC with a Chiralcel OD or AD
and additive (5 equiv) were added to this solution in THF (0.1 M) at reflux. column.

bisolated Yield.cee determined by CSP HPLC with a Chiralcel OD

collumn. 9 These reactions were rum@ 1 gram scale. Table 11. Substrate and Nucleophile Scope
R1
Table 9. Effect of Rhodium Catalyst on Deactivation by (0] R? R2
ortho-Bromophenol [Rh(COD)CI], / DPPF
[Rh] (1mol%) / R2 _ Nucleophile e
U\

0 (R)-(S)-PPF-P'Bu, (1.5mol%) Additive ' R?
B . R! R? THF, reflux OH R'
/ r O\‘
@ (5 equiv.) R' = H, RZ = OMe; 40

) oH o R'=OMe, R? = H; 41
THF, reflux
entry Rt R? nucleophile additive  product  yield (%)?
entry Rh source Xligand? time yield (%)° ee (%)° H OMe methanol none 42 93
1 [Rh(COD)Cl} Cl 24 h 17 97 OMe H methanol none 43 78
2 [Rh(COXCI]2 Cl 24h 92 97 H OMe  phenol none 44 65
3 [Rh(COD)Clp | 1.5h 94 95 OMe H phenol none 45 81

OMe H 4-hydroxyacetophenone none 47 89
H OMe benzoic acid BN 48 87
OMe H benzoic acid BN 49 98

a Conditions (X Ligand= Cl): [Rh(COD)CIL or [Rh(CO}Cl]; (0.5 mol
%), ligand (1.5 mol %), nucleophile (5 equiv), additive (5 equiv), dnd

1
2
3
4
5 H OMe 4-hydroxyacetophenone none 46 72
6
7
reacted in THF (0.1 M) at reflux. Conditions (X Ligardl): [Rh(COD)Cl} g

(0.5 mol %), ligand (1.5 mol %) added to flask followed by addition of H OMe n-methylaniline none 50 83
AgOTf (2 mol %) then BuNI (4 mol %). To this was added. The 10 OMe H n-methylaniline none 51 77
nucleophile (5 equiv) was added to this solution in THF (0.1 M) at reflux. 11 H OMe pyrrolidine NHI - 52 80
b|solated yield© ee determined by CSP HPLC with a Chiralcel ODorAD 12 OMe H pyrrolidine NHI 53 80
column. 13 H OMe dibenzylamine NH 54 97
14 OMe H dibenzylamine N 55 76

[Rh(COXCI], better reactivity was observed bet24 h was 15 H ~ OMe morpholine Ne 56 87
OMe H morpholine Nkl 57 53

required to consume the starting material. The improved
reactivity of the carbonyl-catalyst was attributed to blocking Conditions: The substrate, [Rh(COD)E[R mol %) and dppf (4 mol
bidentate the binding of thertho-halophenol through the halide %) dissolved in THF followed by heating to reflux. The nucleophile $4

and oxygen group®: We were pleased to find that the rhodium gg%’g;‘:ﬁ gfqﬁt‘g’a‘;;ﬁ’;s‘fgfgél‘g’gg ;?eel’&.adde‘j and reacted until complete
iodide catalyst generated in situ by halide ligand exchange does

not suffer from the catalyst poisoning observed with the chloride and 10) and aliphatic amines (Entries 11 to 16) can all be used
analogue in the presence of 2-bromophenol. When the [Rhl- to induce ring opening through the proper choice of additives
(PPFPBuy)] complex is used32 is obtained in 93% yield to form a wide range of highly functionalized dihydronaphtha-
and 94% ee in less than 1.5 h with 1 mol % catalyst. lenes in an efficient manner.

The rhodium iodide catalyst was found to efficiently induce Reactions of Activated [2.2.1]Oxabicyclic Alkenes and the
ring opening with a wide range afrtho-substituted phenols in  Establishment of Solventless Reaction Conditionespite
good yield and excellent enantioselectivities (Table 10). These the successful realization of asymmetric ring opening reactions
include halide substituents (Entries 1 to 3) as well as 2-methoxy with a variety of oxabenzonorbornadienes, extension of this
and cyano substituents (Entries 4 and 5) all of which could have methodology to the less reactive members of this class with
deactivated the catalyst through bidentate binding. the first generation catalyst was not fruitful. With every

Substrate and Nucleophile Scope InvestigatioriVe inves- nucleophile class, no reaction was observed with substrates such
tigated the generality of the rhodium-catalyzed ring opening as58even after prolonged reaction times. Overcoming the lower
reaction with other oxabicyclic substrates and found that both reactivity of these [2.2.1] oxabicyclic alkenes required three
40and4lreact in high yield with a wide range of nucleophiles modifications. First, the catalyst was changed to the rhodium-
(Table 11). Alcohols (Entries 1 and 2), phenols (Entries 3 to iodide catalyst as prepared by in situ halide ligand exchange.
6), carboxylates (Entries 7 and 8), aromatic amines (Entries 9 Second, the reaction temperature was increased t6Q Hnd
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third, the reactions were run in the absence of sol¥efor
example, treatment &8 with catalytic [RhI(PPFPBu,)] and
various nucleophiles at 1@ produces cyclohexenol products
in good yield and>90% ee (Table 43¢ The analogous [RhCI]
complex fails to catalyze the reaction with this substrate. As
with 1, only trans-1,2-cyclohexenols are formed. The fact that
the reaction of58 gives the trans-1,2-regioisomer as the

exclusive product has mechanistic significance. Because the

regio- and stereochemical outcome is the same when both

and58 are reacted, it can be concluded that the outcome is not
governed by the conjugation between the newly formed alkene
and aromatic moiety present in the 1,2-dihydronaphthalene

products. This finding lends support to our working model,
where it is the presence of the newly formed alkoxide or alcohol
that dictates the site of nucleophilic attack.

Table 12. Effect of Halide Ligand on Reactivity?
H
(@] T

MOR [RhI(PPF-P'Buy)] (5 mol%) OR

a OR Nucleophile (5eq) Ne B OR

R = Me; 58a 110°C ouf

R = PMB; 58b

entry R group? nucleophile product yield® (% ee°)
1 Me p-bromophenol 59 83 (94)
2 PMB phenol 60 84 (93)
3 PMB N-methylaniline 61 93 (95)

aConditions: Halide exchange was performed with [Rh(COD)(@]5
mol %), PPFPBu; (7.5 mol %), AgOTf (7.5 mol %) and TBAI (10 mol
%). To this was addefi8 and nucleophile (5 equiv) followed by heating at
110 °C. P Isolated yield.c ee determined by CSP HPLC with a Chiralcel
OD or AD column.d Me = methyl, PMB= p-methoxybenzyl.

Effect of Solvent-Free Reaction Conditions on Catalyst
Loading in the Rhodium-Catalyzed ARO Reaction.Having
identified the benefits of using more forcing conditions for the
ring opening of less reactive [2.2.1] oxabicyclic alkenes, we

returned to the more reactive oxabenzonorbornadiene substrate 4

to determine what effect these new conditions would have on
the catalyst loading required for efficient reaction to occur. In
a typical experiment, the substrateand the nucleophile (1.5

ARTICLES
Scheme 7
HZNR2®
P/ Ng) (% X \Ab N
hIII
Productive
H* and X Rh Rh Catalytic ﬂb
Cycle 65
RoNH
z H %III
P\ (e) g2 0 HaNR;®
NHRz 03
po:soned" 67 66 HNR;
(i) \_/
i RZN“'
OH
68 P/Rh &5"?

(a) Substrate binding on trexoface (displacement of a halide ligand
or dimer bridge cleavage); (b) oxidative insertion; (c) protonation of the
rhodium alkoxide; (d) nucleophilic attack and product liberation; (e) amine
binding; (f) amine ligand protonation and nucleophilic displacement by a
halide nucleophile; (g) dimer formation with loss of a halide ligand; (h)
dimer cleavage by nucleophilic displacement with a halidey{@xidation
of the amine ligand.

required, we found that adding a catalyst substrate combination
gave more reproducible reaction outcomes. This difference may
be a result of catalyst interaction with the nucleophile prior to
commencement of the catalytic cycle.

Table 13. Catalyst Loading Studies

o} [RhI(PPF-P'Buy,)] (cat.) ‘O
% Nucleophile / 100°C N , ‘
1 OH

mol % yield ee
entry  catalyst siC nucleophile (equiv) time product (%) (%)°
1.0 100:1 PhOH (5) >15min 62 92 94
2 0.1 1000:1 PhOH (5) >20min 62 94 94
3 0.1 1000:1 PhOH (1.5) 30 min 62 92 93
0.05 2000:1 PhOH (1.5) 1lh 62 89 94
0.01 10000:1 PhOH (1.5) 3h 62 90 94
0.01 10000:1 PhNHMe (1.5) 8h 2 87 93
7 0.01 10000:1 indole (1.5) 15h 27 94 99

to 5 equiv) were added to a screw top vial that was then heated Conditions: To a stock solution of the [Rhi(PPPBup] catalyst

in an oil bath at 100C. To this melt was added an aliquot of
a THF stock solution of [RhI(PPFPBuU,)] already in the
presence of two to 3 equiv df via gastight syringe (typically
10 to 20uL). Following this procedure, we were gratified to
learn that catalyst loadings as low as 0.01 mol % [Rh] can be
used with only a slight excess of nucleophile to give products
62, 2, and27 in quantitative yield and excellent enantioselec-
tivity. Even at these catalyst loadings, the reactions are still

prepared in THF according to the standard halide exchange protocol was
added 2 equiv of the oxabicyclic alkene substrate. In a screw cap vial was
added the substrate and the nucleophile which were then melted together
under a nitrogen atmosphere at 1@ To this melt at 100C, an aliquot

of the catalyst stock solution was added via gastight syringe. The reaction
progress was monitored periodically by the removal of aliquots and TLC
analysis 2 Isolated yield? ee determined by CSP HPLC with a Chiralcel
OD or AD column.

Working Model: Influence of Halide/Protic Additives on
Catalyst Poisoning. Although no direct evidence has been

complete in a reasonable amount of time (1.5 to 8 h). The ghtained on which to base a mechanism of action for the halide
combination of very low catalyst loadings, solventless condi- additives, knowledge drawn from the literature can guide an
tions, technical ease, high yields, and easy handling of the jnformed discussion regarding the role of the halide and protic

reagents makes these reactions synthetically useful for theaqditives in reversing the poisoning caused by the presence of
preparation of a variety of hydronaphthalene compounds. aliphatic amines.

Although adding the catalyst solution to the reaction mixture  Our current working model is outlined in Scheme 7. The
premixed with two to 3 equiv ofl relative to [Rh] is not  yhodjum dihalide dime63 could enter two different cycles. In
the productive catalytic cycle, the dimer will be cleaved by

(15) The identification of these conditions came from the observation that

reactions run for very prolonged periods in an oil bath at 100were
capricious and occasionally gave small amounts of product. After some

experimentation, it was determined that in these cases, the THF solvent

had actually evaporated, resulting in solventless reaction conditions.

(16) The absolute stereochemistry was established by X-ray crystallography for

the p-bromobenzoate o8l Lautens, M.; Lough,
Crystallogr. 2002 E58 542-543.

A. J.; Fagnou, Kcta

solvation or binding to the substrate to giéd. Oxidative
insertion followed by protonation of the rhodium alkoxi@ig
by an ammonium salt will give the cationic compleé6.
Intermediateb6 will react with the nucleophile to give the ring
opened product and regenerate the catalyst.
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Alternatively, the rhodium dime63 may be cleaved by an
amine nucleophile to givé7. Because amine rhodium com-

plexes are known to be stable, this interaction may be irrevers-

ible thereby sequestering the catalyst from the productive
catalytic cycle. Rhodium amine complexes are also known to
undergoo-oxidation to give rhodium hydride imine complexes

68, which may also be a source of catalyst poisoning. In the

ates and the complicated nature of halide-metal interactions, a
detailed discussion of the influence of the halide ligand on the
enantioselectivity is not possible at this point. One experimental
observation deserves comment, however, since it is of mecha-
nistic significance. In the working mod®&,we proposed that
the enantiodiscriminating step is the oxidative insertion of the
rhodium (I) catalyst into the bridgehead carbaxygen bond

presence of protic and halide additives, however, rhodium amine of the substrate. As this step occurs prior to nucleophilic attack,
complex67 could react to give the dihalorhodate comp the nature of the nucleophile should not influence the enantio-
This process would occur by nucleophilic displacement of the selectivity. Despite this prediction, reactions with nucleophiles
amine by a halide anion in an associative process common toother than alcohols and phenols give lower enantioselectivity
square planad® metal complexes. Dihalorhoda#6 could then with the same catalyst generated from [Rh(CODy@ijd PPF
reform the dimeric comple&3 by reaction with another rhodium  PBu,. To resolve this disparity between model and experimental
monomer or go on to react directly with another substrate outcome, it is reasonable to invoke nucleophile-catalyst interac-
molecule with loss of one of the halide ligands. It is important tions. If, in some cases, the nucleophile is bound to the catalyst
to note that a new resting state for the catalyst may be during the enantiodiscriminating step, the resulting perturbation
established under these conditions in addition to, or in place of of the coordination sphere could negatively impact the chiral

the dimeric complex, namely the dihalorhodé&@

pocket created by the chiral ligand. By changing the chloride

Literature precedent exists for the proposed regeneration ofligand to iodide or fluoride, this catalyst-nucleophile interaction

an active catalyst from the putative poisoned com@@x It
has been demonstrated that rhodium-amine complé@e«dll
react with HCI to generate anionic dihalorhodium complexes
71 (eq 2)? In these transformations, both the halide and proton

may be prevented or minimized thereby maintaining the integrity
of the highly enantioselective rhodium catalyst complex.

Conclusion

We have revealed the presence of several important halide
effects in the rhodium-catalyzed asymmetric ring opening
reaction of oxabicyclic alkenes and established a second
generation rhodium catalyst that exhibits enhanced selectivity

act together to displace the amine from the metal center. The@Nd reactivity. By employing halide additives in the presence
intermediacy of anionic transition metal complexes (analogous ©f & protic additive, the poisoning effect of aliphatic amines is
to the dihalorhodates in Scheme 7) has also been established ifiéversed allowing this class of nucleophile to be used in high
palladium-catalyzed cross coupling reactions by Amatore and Y€!d and ee. Simply changing the halide ligand on the rhodium
Jutand’ and have been proposed in allylic substitution reac- c@talyst from chloride to iodide or fluoride leads to improve-
tions18 Our proposal that the formation of rhodate complexes ments in rea(?t|V|ty and enantioselectivity of reactions gmploymg
69 prevents or reverses catalyst poisoning is similar in principle @romatic amine, malonate and carboxylate nucleophiles (Table
to the application of halide effects in diverting a reaction 12)- Finally, through the application of these halide effects and
pathway by coordination site occupatidn. the |g|ent|f|ca_t|on _of more forcing reaction conditions, less _
In this reaction, dimeric catalyst precursé@are implicated reactive oxabicyclic substrates can be used to generate syntheti-

along the reaction pathway and may act as a catalyst reservoically useful enantiqgnriched cyclohexeno! products. Application
or resting state. Because it is hypothesized that amine-inducecf these new conditions to the more reactive oxabenzonorborna-
cleavage of the dimeric compl®8 leads to catalyst poisoning, dleng permits the reaction to be run with extremely low catalyst
the stability and kinetic lability 063 will play an important  l0adings (0.01 mol %) (Table 13).

role in establishing a viable catalytic cycle. Experimental  acknowledgment. We thank NSERC, the ORDCF, Astra-

evidence has shown that the reactivity of halide bridged dimers zeneca and the University of Toronto for financial support of
changes dramatically with the nature of the hafiding the  our research. We thank Solvias AG for generously providing
least reactive toward cleavage when bridged by iodide ligands. ys with the PPF-Bu, ligand used in these studies. K.F. thanks
For example, Buchwald found that cleavage of iodide bridged NSERC for a doctoral scholarship; Dinggiao Yang thanks the

palladium dimers was slower than the corresponding chloride ynjversity of Toronto and China Scholarship Council for
bridges specié8and others have noted similar trends with other financial support.

palladium complexe®’ 2! , i , .
Because of the speculative nature of the proposed reaction Supporting Information Available: Experimental procedures

mechanism, a lack of precise knowledge of reaction intermedi- for the preparation of starting materials and rhodium-catalyzed
ring opening reactions, characterization data for all new

compounds includingH NMR and3C NMR spectra (PDF).
This material is available free of charge via the Internet at
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(17) The coordination of halides to Pd(0) after the reduction of RdX
complexes to generate anionic complexes was first proposed by Negishi.
See: (a) Negishi, E.; Takahashi, T.; Akiyoshi, K.Chem. Soc., Chem.

Commun1986 1338. For mechanistic work, see: (b) Amatore, C.; Azzabi, http://pubs.acs.org.
M.; Jutand, A.J. Organomet. Cheml989 363 C41; (c) Amatore, C.;
Azzabi, M.; Jutand, AJ. Am. Chem. S0d.991, 113 8375; (d) Amatore, JA034845X
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