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Click chemistry is used to construct ligand scaffolds for a series of chiral diphosphites. Enantioselectivity as high as 97% ee is obtained
using these click ligands in rhodium-catalyzed asymmetric hydrogenation. Control experiments and spectroscopic data suggest that a 16-
membered P,P-macrocyclic Rh(l) chelate is formed.

Z=Z

The goal of all chiral ligand designs is to (i) create a chiral asymmetric catalysis. Put to practice, the ligand scaffold is
“catalytic pocket” (topography) around the metal to direct constructed by connecting subunits, each typically a unique
stereochemistry and (i) impart the appropriate electronic structure and ligating group, via a facile chemical reaction
characteristics at that metal center for efficient catalysis. Most or suitable intermolecular associatib@ombining different
modular ligand designs start with one or a small set of subunits creates a diverse set of scaffolds and ligating groups.
“interesting scaffolds” and sequentially append the ligating  The alkyne-azide [3+-2]-cycloaddition reaction, i.e., “click
groupst The challenge is to find the “correct ligating group”, chemistry” has been applied to a wide range of problems
one appropriately oriented by the selected scaffold to form for which the advantages of a fast, clean coupling reaction
an efficient catalyst. can be exploited;several applications to the preparation of
Ligand scaffold optimization is an alternative design novel ligands are among thehfror example, the preparation
strategy for improving catalyst efficien@yt relies uponthe ~ and use of chelating,N-ligands was recently described by
ability to generate a collection of ligand scaffolds that define Zhand (e.g.,1) and Reek (e.g.,2). Kann and co-workefs
a diverse set of topographies or chiral space to be explored.recently reported the use of click chemistry for the prepara-
The overall strategy is simple; use the nature of the ligating tion of a library ofP-chirogenic ligands, including a diphos-
group to define the electronic nature of the metaand phine derivative 3.
interaction and a chiral surface, and then the ligand scaffold  (3) a) sandee, A. J.; Reek, J. N. Balton Trans.2006 3385-3391.

is varied to find an optimal orientation of that surface for (b) Reyes, S. J;; Burgess, IChem. Soc. Re 2006 35, 416-423. (c)
Wilkinson, M. J.; van Leeuwen, P. W. N. M.; Reek, J. N.®rg. Biomol.
Chem.2005 3, 2371 2383. (d) Breit, BAngeW Chem., Int. EQO05 44,

(1) (@) Gennari, C.; Piarulli, UChem. Re. 2003 103 3071-3100. 6816-6825.

(2) (a) Moteki, S. A.; Takacs, J. MAingew. Chem., Int. E@007, 46, in (4) (a) Kolb, H. C.; Finn, M. G.; Sharpless, K. Bngew. Chem., Int.
press. (b) Takacs, J. M.; Chaiseeda, K.; Moteki, S. A.; Reddy, D. S.; Wu, Ed. 2001, 40, 2004-2021. (b) Rostovtsev, V. V.; Green, L. G.; Fokin, V.
D.; Chandra, KPure Appl. Chem2006 78, 501-509. (c) Takacs, J. M.; V.; Sharpless, K. BAngew. Chem., Int. E®002 41, 2596-2599.
Reddy, D. S.; Moteki, S. A.; Wu, D.; Palencia, 5H.Am. Chem. So2004 (5) Moses, J. E.; Moorhouse, A. @hem. Soc. Re 2007, 36, 1249-
126, 4494-4495. 1262.
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Our application of click chemistry to ligand scaffold
construction is shown in Figure 1. The 2-, 3-, and 4-hydroxy-
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Figure 1. Facile, modular route to novel ligand scaffolds via click
chemistry.

phenyl azidesdi—iii are coupled with the 3- and 4-(hy-
droxymethyl)phenyl acetylenessdb) to afford the six
isomeric diols represented by struct@eCoupling each of
the diols with phosphorus trichloride anR){tetramethyl-
2,2-bisphendl® (7) affords a set of isomeric click ligands
CL8. These chiral diphosphites differ only with respect to
the structure of the ligand scaffold.

Asymmetric hydrogenation is a common testing ground
for evaluating new ligand desigisand the six diphosphites
were used in conjunction with Rh(nb@F,) to effect the
hydrogenation of enamid&(Table 1)12 The reactions were

(6) (a) Suijkerbuijk, B. M. J. M.; Aerts, B. N. H.; Dijkstra, H. P.; Lutz,
M.; Spek, A. L.; van Koten, G.; Klein Gebbink, R. J. Nbalton Trans.
2007, 1273-1276. (b) Bastero, A.; Font, D.; Pericas, M. A.Org. Chem.
2007, 72, 2460-2468. (c) Mindt, T. L.; Struthers, H.; Brans, L.; Anguelov,
T.; Schweinsberg, C.; Maes, V.; Tourwe, D.; SchibliJRAm. Chem. Soc.
2006 128 15096-15097. (d) Chan, T. R.; Hilgraf, R.; Sharpless, K. B.;
Fokin, V. V. Org. Lett.2004 6, 2853-2855.

(7) () Liu, D.; Gao, W.; Dai, Q.; Zhang, >Org. Lett.2005 7, 4907
4910. (b) Dai, Q.; Gao, W.; Liu, D.; Kapes, L. M.; Zhang, X.Org. Chem.
2006 71, 3928-3934. (c) See also: Fukuzawa, S.-i.; Oki, H.; Hosaka, M.;
Sugasawa, J.; Kikuchi, $rg. Lett.2007, 9, 5557-5560.

(8) Detz, R. J.; Arevalo Heras, S.; De Gelder, R.; Van Leeuwen, P. W.
N. M.; Hiemstra, H.; Reek, J. N. H.; Van Maarseveen, J.CHg. Lett.
2006 8, 3227-3230.

(9) Dolhem, F.; Johansson, M. J.; Antonsson, T.; KannJNComb.
Chem.2007, 9, 477—486.

(10) (a) Hua, Z.; Vassar, V. C.; Ojima, Org. Lett.2003 5, 3831
3834. (b) Rubio, M.; Suarez, A.; Alvarez, E.; Pizzano,Ghem. Commun.
2005 628-630. (c) Rubio, M.; Vargas, S.; Suarez, A.; Alvarez, E.; Pizzano,
A. Chem. Eur. J2007, 13, 1821-1833.

(11) Blaser, H.-U.; Malan, C.; Pugin, B.; Spindler, F.; Steiner, H.; Studer,
M. Adv. Synth. Catal2003 345 103-151.

(12) For recent examples of the use of diphosphites in rhodium-catalyzed
asymmetric hydrogenation, see: (a) Reetz, M. T.; Mehler, G.; Bondarev,

0. Chem. Commun2006 2292-2294. (b) Junge, K.; Hagemann, B.;
Enthaler, S.; Erre, G.; Beller, MMARKIVOC2007, 50-66. (c) Axet, M. R.;
Benet-Buchholz, J.; Claver, C.; Castillon,&lv. Synth. Catal2007, 349,
1983-1998. (d) Marson, A.; Freixa, Z.; Kamer, P. C. J.; van Leeuwen, P.
W. N. M. Eur. J. Inorg. Chem2007, 4587-4591.

546

Table 1. Screening Click Ligands in the Rhodium-Catalyzed
Asymmetric Hydrogenation of Enamide
CH, O 1 mol % Rh(nbd),BF,

PN 1 mol % CL8
N~ "Me
H
cl

CH; O

30 psi Hy, DCM, 1t (20 h)

9 10
entry CL8 % yield % ee
1 8ia 99 88
2 8ib 99 96
3 8iia 97 95
4 8iib 83 89
5 8iiia 30 91
6 8iiib 52 85

run under a standard set of reaction conditions (30 psi H
DCM, rt, 20 h). Each click ligand affords the secondary
amine derivative $-10with enantiomeric excesses ranging
from 85% (entry 6,CL8iiib) to 96% (entry 2,CL8ib). In
addition to the variation in enantiomeric excess, we find the
degree of conversion obtained under these standard reaction
conditions varies as a function of the ligand scaffold. The
chemical yield of §-10varies from 30% (entry SCL8iiia)
to near-quantitative (entries 1 and @|.8ia and CL8ib).
Click ligandsCL8ib (99%, 96% ee) an@L8iia (97% vyield,
95% ee) give the overall most promising results.

There are four potential ligating sites @L8ib (Figure
2) raising questions as to whether it functions &2 & or
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Figure 2. Diminished reactivity and enantioselectivity with triazole
monophosphited 1 and 12 suggests that both phosphite moieties
in CL8ib are involved in the active catalyst.

oP(EP)
11

1 equiv (4%, 8% ea)
2 equiv (no rxn)

12
1 equiv (52%, 87% ee)
2 equiv (12%, 88% ee)

P,P-ligand, or perhaps a tri- or tetradentate ligaadf, it
indeed chelates at all. R,N-chelation is important, then it
seems likely that either or both of the truncated triazole
monophosphited1 and 12 would give results comparable
to those obtained witleL8ib. Neither does. Two ligand to
metal ratios were examined f@d and12 in the hydrogena-
tion of 9. 11 affords a poor catalyst at either a 1:1 or 2:1
ratio. 12 exhibits poor reactivity at the 2:12/Rh(l) ratio.
The reactivity is improved at the 1:1 ratio, suggesting that
P,N-ligation may be relevant fot2, although it is not clear
how its structure can accommod&-chelation within the
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constraints of a 1:1 complex. Nevertheless, even using thecomplex forms preferentially or the diastereomeric catalysts
better ratio, the yield and enantioselectivity are still lower exhibit significantly different rates, then nonlinear effects
than that observed usin@L8ib. These results suggest that are expected.
P,P-chelation is the important mode f@L8ib; that is, both The rhodium-catalyzed hydrogenation of enanmfdeas
phosphite moieties are involved in the active catal§st. carried out using various ratios of the enantiomer€o8ib .

It is tempting to assume that the active catalyst is a 1:1 As shown in Figure 4, we find a linear relation between the
CL8ib:Rh(l) complex, rather than 2:2 or some higher
multiple complex or an ensemble of oligomers. While many _
macrocyclic metatligand chelates have been characterized
and others invoked to explain efficient asymmetric catalisis,

the 1:1 complex withCL8ib requires a 16-memberde|P-
macrocyclic chelate that preliminary modeling studies indi- 5
cate should be quite strainétiNonetheless, other data are 3
. . . . a .
consistent with its formation. 5
. . . . $ -100 —-80 — =60 ~ =40~ -2620°0 — ° - 40--60 - 80~ ~ 100
The first piece of evidence derives from the work of Kagan e 2 _________________
on nonlinear effects in asymmetric catalySi#s outlined R
in Figure 3, if the active catalyst is the 1:1 complex, a mixture RNttt | i N
=100
% ee of ligand
Figure 4. Linear relation between the enantiomeric purityCafSib
- a S — . . — and the enantioselectivity observed in the rhodium-catalyzed
CL \ AR asymmetric hydrogenation of enamifle
Rh(nbd)(BF 4) (BF4)(nbd)Rh Rh(nbd)(BF4)
K R R
1:1 (R,R)-complex 2:2 (RR,RR)-complex
vs . . . . . .
S LR enantiomeric purity of the click ligand and the enantiose-
C RniabaeF Eramodrn,  JIER lectivity of the hydrogenation. This result, while not unam-
HLSSS | 2:2 (SS,55)-complex biguous proof, is consistent with the 1:1 16-membdpdr}
= 1S S-complex JEE macrocyclic Rh(l) chelate being relevant to the efficient
Predict inear realtionship (BF4)(”bd’R"\LS_LéR“("bd)(BF‘*) asymmetric catalysis observed.
‘;‘;’;’;fg‘m/;;epj"niy";‘;  22(RRSS-complex The 31!3 NMR spectrum of the free click I|gan6L.8|b_
CL8ib shows singlets at 130.6 and 135.3 ppm. As shown in Figure

"~ Predict possible non-linear effects ~

5, the CL8ib)Rh(nbd)(BR) complex shows two sets of
Figure 3. Predicted consequences of 1:1 or 2:2 ligand/metal resonances, 127.0 and 148.1 ppm, in a 1:1 ratio; each is a
complexation ofCL8ib with Rh(nbd)(BR). doublet of doublets. The coupling constagdis p) = 221

Hz, JRh,P(Z) = 234 Hz, ande(l),p(z) = 77 Hz are con-
sistent with the chelated structure shown. The mass spec-
of enantiomer ligands will give a mixture of enantiomeric trum shows a peak corresponding to the complex minus BF
1:1 complexes or, equivalently, a mixture of enantiomeric its isotopic distribution pattern is in good agreement with
catalysts. Thus, a linear relationship between the observedtheory. High-resolution mass spectrometry (FAB, 3-NBA
enantioselectivity of the catalyzed reaction and the enantio- matrix) determines the exact masswlg 1016.2417, a value
meric purity of the click ligand used is expected; nonlinear in close agreement with the 1016.2465 theoretical value for
effects are precluded. However, if the 2:2 complex (or some CssHssN3OsP.Rh (M — BFy).

higher homologue or an oligomeric mixture) competes, then  The phosphite moieties i@L8ib differ slightly, one a ben-

at least three species are expected to contribute, the enanzyl phosphite, the other a phenyl phosphite. Several related
tiomeric all-R and all-S complexes and the diastereomeric structures were prepared and evaluated (Figure 6). For
R/Smixed complex. If, as is often the case, tR&-mixed example, a derivative in which a methyl substituent is present
at the benzylic position was prepared. This added methyl
(13) Tetradentate coordination to Rh(l) seems unlikely on the basis of g\ hstituent makes the ligand scaffold chiral; tRe and

structural constraints and the fact that these ligands function efficiently in . L
asymmetric hydrogenation, a reaction in which tetradentate coordination is S-Scaffolds afford the diastereomeric diphosph@<d3 and

‘i?i?ﬁi?'?zl See: Landis, C. R.; HalpernJJAm. Chem. Sod.987 109 CL14, respectively. The former click ligand shows somewhat

(14) For CL8ib, the catalytic activity drops off substantially at higher diminished enantloselectlylty Wh”e the latter gives _rESU|t5
ligand to Rh(l) ratios. comparable to those obtained with the parent ligéh8ib.

(15) (a) Hattori, G.; Hori, T.; Miyake, Y.; Nishibayashi, ¥. Am. Chem. E— ; ;
S0¢.2007, 129, 129306-12931. (b) Birkholz, M.-N.; Dubrovina, N. V.; Jiao, Substituting a phenyl for the benzyl phosphite moiety
H.; Michalik, D.; Holz, J.; Paciello, R.; Breit, B.; Boerner, &hem. Eur. markedly diminishes the efficiency of the ligar@L15 ex-

J. 2007, 13, 5896-5907. (C) Wassenaar, J.; Reek, J. N.Ddlton Trans. — hijbjts low turnover (7% yield, 72% ee). In contrast, replacin
2007, 3750-3753. (d) Jiang, X.-B.: Lefort, L.; Goudriaan, P. E.; de Vries, (7% yield, 72% ee) ; replacing
A.H. M.; van Leeuwen, P. W. N. M.; de Vries, J. G.; Reek, J. NAHgew. the phenyl phosphite with a second benzyl phosphite (i.e.,

\(/i/heg.,_ltnté EJdZAOOG éﬁ 12253—%%(73. fgévxigé_l\gisvgaloch, C.; Seiche,  CL16) has relatively little effect (99% vyield, 92% ee).
.; Breit, B.J. Am. Chem. So . . . : .
(16) We thank the reviewer for bringing this to our attention. S“ghtly 'mprOVEd results are found witbL17 (99% y'eld’

(17) Kagan, H. B.Synlett2001, 888-899. 97% ee). This diphosphite is isomeric wi€@L8ib and is
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Figure 5. 3P NMR spectrum of L8ib)Rh(nbd)(BR): Jrnpa)= 221 Hz,Jrnpe)= 234 Hz, andlpp)p)= 77 Hz.

prepared by swapping the alkyne and azide subunits; thatother common test substrates. Each of the substrates in Figure

is, the alkyne precursor incorporates thenzyl alcohol

Y ' .P‘-:". N "‘~..
1 /)—< }—k v E />—< }L OP(BP)}
.. QR(EP) M

é/OV{BP)

CLA15 (7%, 72% ee)

CLBib (R, R? = H; 99%, 96% ee)
CL13 (R' = Me, R2 = H; 99%, 89% ee)
CL14 (R" = H, RZ = Me; 99%, 95% ee)

N
=N @ A
N.‘.%. OP(BP) S P(BP)
{ OF;:(BP] OP(8F)
CL16 (39%, 92% ee) CLAT (99%, 97% ee)

Figure 6. Fine-tuning the click ligand scaffold structure.

subunit and the azide subunit incorporatesdienol sub-

unit. Click ligandCL17 was used in a larger scale hydroge-

nation of enamid® at a lower catalyst load (1 mmole 6f

0.1 mol % catalyst) but no attempt to otherwise further opti-

mize the reaction conditions (DCM, 30 psi,HLO h, rt).
Under these condition§L17 gives 92% yield of §-10with
96% ee. Click ligandCL17 is also effective with several

CHz O CHy O

sanleosas

(90%, 92% ee) (82%, 90% ee)

CHy, O
Me
MeOZCJJ\)LOMe
(91%, 90% ee)

Figure 7. Efficient (CL17)Rh(nbd)(BR)-catalyzed asymmetric
hydrogenation of related substrates.
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7 gives 90% ee or greater (0.5 mmol substrate, 0.2 mol %
catalyst, DCM, 30 psi B 16—20 h, rt).

In summary, click chemistry lends itself to the ligand
scaffold optimization approach to chiral catalyst discovery
and development. The facile alkynazide [3+ 2]-cycload-
dition reaction was used to prepare a small library of chiral
triazole diphosphites. While these novel chiral ligands differ
only in the scaffold structure, their performance with respect
to yield and asymmetric induction varies significantly in a
common test case for asymmetric catalysts, rhodium-
catalyzed asymmetric hydrogenation. Enantioselectivity as
high as 97% ee is achieve#® NMR and mass spectral
analyses, as well as the results obtained using truncated
monophosphites and the lack of a nonlinear effect, suggest
an important role for a 16-membereld,P-macrocyclic
(CL8ib)Rh(I) complex in the reaction, although preliminary
modeling studies find this proposed complex to be quite
strained. The relate@L8iia complex is less strained and
exhibits similar reactivity. Further studies into the nature of
these complexes and their role in catalysis are in progress.
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