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An in silico study examined the stabilities of hydrogen-bonded complexes between simple thiourea catalysts
and three different electrophiles and identified a novel, highly adtitesyl urea catalyst for the promotion

of addition reactions to epoxide electrophiles. Synthesis and evaluat®regtaled it to be a powerful
catalyst for the addition of 1,2-dimethylindole to styrene oxide under conditions in which shifiHe
bis-aryl ureas and thioureas (includibgare inactive. Subsequent studies determiamibe compatible

with a range of indole and epoxide substrates (includiBgs(ilbene oxide) and found that relatively

poor nucleophiles such as sterically and electronically deactivated anilines, thiophenol, and benzyl alcohol
could be efficiently and regioselectively added to oxiranes under mild conditions.

Introduction Sigman’ and Schreiner and Wittkop later pioneered the
exploitation of this binding mode in catalysis as a method for

It has been known for almost a century that small, metal- the activation of electrophiles incorporating hydrogen-bond

free organic molecules can act as gffectlve catalysjs ina \.’ar'etyaccepting functionalityot
of synthetically useful transformatioAdjowever, it is only in Schreiner and Wittkopp first introduced 385-tetratrifiuo-
the past decade that this field of endeavor has caught the interesFOmeth | thiocarbanili d?epl() as an active catalvst for the
of a significant proportion of the research community. This y y
renaissance has resulted in spectacular progress in a relatively

(2) Recent reviews: (a) Lelais G.; MacMillan D. W. C. Fnontiers in

short period of time and has propelled organocatalysis from Asymmetric Catalysivikami, K.. Lattens, M.. Eds.: Wiley: New York,

obscurity to prominence as a complementary technology to0 2007. (b) Connon, S. Drg. Biomol. Chem2007, 5, 3407. (c) Almas D.;
transition metal(ion)-based catalysis in a number of synthetically Alonso, D. A.; Ngera, C.Tetrahedron: Asymmetr§007, 18, 299. (d) de

useful transformationd.In the 1980s, Etter and co-workers ";isgoug%i:;/(éo'sRézl\ﬂ'r; ffgiztmgﬁgrhz“é%l;f-lgbfr(% GCQEHTZI\;JOJZ%%F;hgé ]
observed thal,N-diaryl ureas cocrystallized via the formation "3 C.: McNally, A Vo, N. T.Drug. Discavery Today2006 12, 8. (g)

of two hydrogen bonds with a variety of guests incorporating List, B. Chem. Commur2006 819. (h) Taylor, M. S.; Jacobsen, E. N.
Lewis basic functional groups such asitroaromatics, ethers, ~ Angew. Chem., Int. EQ006 45, 1520. (i) Akiyama, T.; Itoh, J.; Fuchibe,

: 6 K. Adv. Synth. Catal2006 348 999. (j) Connon, S. JLett. Org. Chem
ketones, and sulfoxidest Curran and Kud;® Jacobsen and 2006 3, 333. (k) Connon, S. Angew. Chemint. Ed. 2006 45, 3909. ()

Jayasree, S.; List, BOrg. Biomol. Chem2005 3, 719. (m) Pihko, P. M.
* Corresponding authors. Fax: 0035316712826. Angew. Chem., Int. EQ2004 43, 2062. (n) Berkessel, A.; Gger, H.
(1) For selected early examples of organocatalysis, see: (a) Bredig, G.; Asymmetric Organocatalysi§Viley: New York, 2005. (o) Dalko, P. I.;

Fajans, KBer. Dtsch. Chem. Ge4908 41, 752. (b) Bredig, G.; Fiske, P. Moisan, L.Angew. Chem., Int. EQ004 43, 5138. (p) Houk, K. N.; List,

S.Biochem. 21912 46, 7. (c) Wegler, RAnn 1932 498 62. (d) Prelog, B. Acc. Chem. Re004 37, 8.

V.; Wilhelm, H. Helv. Chim. Actal954 37, 1634. (e) Pracejus, Hustus (3) (a) Etter, M. C.; Panunto, T. W. Am. Chem. S0d988 110, 5896.
Liebigs Ann. Chenil96Q 634, 9. (f) Borrmann, D.; Wegler, RChem. Ber. (b) Etter, M. C.; Urb&nzyk-Lipkowska, Z.; Zia-Ebrahimi, M.; Panunto, T.
1967 100, 1575. @) Wynberg, H.; Helder, RTetrahedron Lett1975 16, W. J. Am. Chem. S0d99Q 112 8415. (c) Etter, M. CAcc. Chem. Res
4057. 199Q 23, 120. (d) Etter, M. CJ. Phys. Chem1991, 95, 4601.
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promotion of Diels-Alder reactions between cyclopentadiene of the considerable manifest interest in this field and the recent
anda,3-unsaturated dienophilé$.Catalystl possesses a flat, advent of highly active Brgnsted aciétcphosphoric acid
rotationally restricted structure with two syn-periplanariN organocatalyst&2bikit is somewhat surprising that the evalu-
bonds available for hydrogen-bond (HB) donatféhThe ation of more acidic (thio)urea analoguesloés catalysts has
trifluoromethyl groups augment the HB donating ability of the not been reported. As part of an ongoing program aimed at both
catalyst without being either Lewis basic enough to lead to the expansion of the scope of (thio)urea derivative-mediated
appreciable catalyst self-association or close enough to thecatalysis and the development of new catalyst systems, we
thiourea moiety to hinder substrate bindi#dhis catalyst has  undertook an unusual yet potentially rapid and convenient in
proven to be remarkably versatile; subsequently, it has beensilico approach to catalyst design in which the relative compat-
shown to act as an efficient promoter of a number of reactfons ibility of a given catalyst-substrate pair is determined based
including the addition of cyanide and silyl ketene acetals to on the stability of the catalystsubstrate complex (via DFT
nitrones!* the Baylis-Hillman reactiont® Friedel-Crafts-type methods), the results of which guide the course of subsequent

reactions'® acetalizationd! Claisen rearrangemerftd® ring- experimental studies. A key feature of this strategy is the
opening reactions of oxirané$acyl Strecker reactiort$,imine concentration on the interaction between the catalyst and the
reductiong22and tetrahydropyranylatiorts. electrophilic reaction component. We reasoned that while such
While 1 has proven to be highly active in certain transforma- an approach ignores the reaction transition state (the stabilization
tions (particularly those involving condensatié®), in view of which is key in the design of any catalyst system), this is

less of a disadvantage in an exergonic process in which one
(4) See also: Tel, R. M.; Engberts, J. B. F. N.Chem. Soc., Perkin  aspires toward the development of catalysts in which proton

H%n%%g?ﬁ 483. (b) Kelly, T. R.; Kim, M. H.J. Am. Chem. S0d4994 transfer occurs as early as possible on the reaction coordinate
(5) Curran, D. P.; Kuo, L. HJ. Org. Chem1994 59, 3259. and is compensated for by the general applicability of the data
(6) Curran, D. P.; Kuo, L. HTetrahedron Lett1995 36, 6647. (i.e., a transition state calculation is specific for one reaction,

(7) For the first chiral (thio)urea catalysts, see: Sigman, M. S.; Jacobsen, while the current approach could provide useful indicators of

E. (’\E';')Js‘cﬁrrg'"%?eg‘ S_‘."wi?takolpzpq fg?gl_'Lett_ 2002 4 217. compatibility over a range of reactions in which the nucleophilic

(9) Schreiner, P. R.; Wittkopp, AChem—Eur. J. 2003 9, 407. component is varied) and the relative speed and simplicity of
(10) For reviews focused on this topic, see: (a) Schreiner, Rhem. the calculations involved.

Soc. Re. 2003 32, 289. (b) Takemoto, YOrg. Biomol. Chem2005 3,

4299. (c) Connon, S. Lhem—Eur. J 2006 12, 5418. . .
(11) For representative examples of the use of (thio)ureas in-gostst Results and Discussion

chemistry, see: (a) Hamann, B. C.; Branda, N. R.; Rebek, J. R., Jr. The geometries and HB patterns exhibited by a series of

Tetrahedron Lett1993 34, 6837. (b) Smith, P. J.; Reddington, M. V.; . . . .
Wilcox, C. S.Tetrahedron Lett1992 33, 6085. (c) Wilcox, C. S.; Kim,  (thio)urea-based organic catalysts and their complexes with a

E.-l.; Romano, D.; Kuo, L. H.; Burt, A. L.; Curran, D. Petrahedror 995 number of substrates were theoretically studied using DFT. This

51, 621. (d) Scheerder, J.; Engbersen, J. F. J.; Casnati, A.; Ungaro, R.;study allows the prediction of catalyst reactivity and substrate
Reinhoudt, D. NJ. Org. Chem1995 60, 6448. (e) Nam, K. C.; Kang, S

0. Ko, S. W.Bull. Kor. Chem. S0c1999 20, 953. " recognition/interaction and, additionally, tests the predictability
(12) It has also been proposed that the trifluoromethyl substituents play of the model with subsequent experimental studies.

a f&'g)'?: Cata'?/Stt”gldlflca“C;ni Slffehr?f Igith' ) 1 catalvsi ‘s To determine the existence of HBs and their characteristics,

Oor selected examples ot chiral lo)ureas In catalysis, see re :

and: (a) Vachal, P.; Jacobsen, E.JNAm. Chem. So@002 124, 10012, the compute_d electron chgrge density for each complex was

(b) Wenzel, A. G.; Jacobsen, E. B. Am. Chem. So@002 124, 12964.  analyzed using the atoms in molecules (Afinethodology.

(c) Okino, T.; Hoashi, Y.; Takemoto, YJ. Am. Chem. So@003 125 According to this formalism, a necessary condition for the

12672. (d) Okino, T.; Nakamura, S.; Furukawa, T.; Takemotdig. Lett i ; i i

20046, 625. (€) Joly, G. D.: Jacobsen, E.NAm. Chem. So@004 126 estabh_shment of an !nteractpn between_ two atoms is the

4102. (f) Taylor, M. S.; Jacobsen, E. N. Am. Chem. S0@004 126 form_atlon of a bond critical point (bcp),_wh!ch co_rrgsponds to

10558. (g) Li, B.-J.; Jiang, L.; Liu, M.; Chen, Y.-C.; Ding, L.-S;; Wu, Y. & point where the electron density function is a minimum along

Synlett2005 603. (h) Vakulya, B.; Varga, S.; Csgai, A.; SAs, T.Org. the bond path and maximum in the other directions. Hence, an

'ézttZ%%%541’ égg;' (('j)) '\\?gcj’?eD){)’(fh HD'; (JZQT{nyonnéss.ﬁngﬁév&cgim}hm interaction can be characterized by the properties of the electron
2005 4481. (k) Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X.; Takemoto, density in that point, and thus, an electron densi§¢p)] of

Y. J. Am. Chem. So@005 127, 119. (I) Berkessel, A.; Cleemann, F.;  approximately 10? au and a positive Laplacian of the charge

Mukherjee, S.; Miler, T. N.; Lex, J.Chem. Commun2005 1898. (m) ; 2 ; ;
Herrera, R. P.; Sgarzani, V.; Bernardi, L.; Ricci, Angew. Chem.Int. density [v p(bcp)] at .the bep correspond to what is defined as
Ed.2005 44, 6576. (n) Marcelli, T.; van der Haas, R. N. S.; van Maarseveen, Closed-shell interaction of the HB type.

J. H.; Hiemstra, HAngew. Chem., Int. EQ00§ 45, 929. (o) Liu, T.-Y.;

Long, J.; Li, B.-J.; Jiang, L.; Li, R.; Wu, Y.; Ding, L.-S.; Chen, Y.-Org. (19) Kleiner, C. M.; Schreiner, P. Ehem. Commur2006 4315.

Biomol. Chem2006 4, 2097. (p) Inkouma, T.; Hoashi, Y.; Takemoto, Y. (20) Pan, S. C.; Zhou, J.; List, Bynlett2006 3275.

J. Am. Chem. So006 128 9413. (q) Fleming, E. M.; McCabe, T.; (21) Zhang Z.; Schreiner, P. Bynlett2007, 1455.

Connon, S. JTetrahedron Lett2006 47, 7037. (r) Xu, X.; Yabuta, T.; (22) For reports concerning the reduction of imines/reductive amination
Yuan, P.; Takemoto, YSynlett2006 137. (s) Tsogoeva, S. B.; Wei, S.  of aldehydes/ketones using thiourea as a catalyst, see: (a) Menche, D.;
Chem. CommurR006 1451. (t) Huang, H.; Jacobsen, E. N.Am. Chem. Hassfeld, J.; Menche, G.; Ritter A.; Rudolph, Grg. Lett 2006 8, 741.

Soc 2006 128 7170. (u) McCooey, S. H.; McCabe, T.; Connon, SJ.J. (b) Menche, D.; Arikan, FSynlett2006 841. (c) Menche, D.; Bum, S;

Org. Chem 2006 71, 7494. (v) Yamaoka, Y.; Miyabe, H.; Takemoto, Y. Li, J.; Rudolph, S.; Zander, Wletrahedron Lett2007, 48, 365. However,

J. Am. Chem. So@007, 129, 6686. (w) Amere, M.; Lasne, M.-C.; Rouden, it should be noted that the role of thiourea in these reactions has been
J.Org. Lett 2007, 9, 2621. (x) Procuranti, B.; Connon, SChem. Commun recently brought into question, see ref 21.

2007, 1421. (y) Song, J.; Shih, H.-W.; Deng, Org. Lett 2007, 9, 603. (23) Kotke, M.; Schreiner, P. RSynthesi®2007, 62, 779.
() Lubkoll, J.; Wennemers, HAngew. Chem.nt. Ed. 2007, 46, 6841. (24) For short review concerning both metal-free and -assisted Brgnsted
(14) Okino, T.; Hoashi, Y.; Takemoto, Yletrahedron Lett2003 44, acid catalysts, see: Yamamoto, H.; FutatsugiAkgew. Chem.nt. Ed.
2817. 2005 44, 1924.
(15) Maher, D. J.; Connon, S. Jetrahedron Lett2004 45, 1301. (25) For pioneering examples, see: (a) Akiyama, T.; Itoh, J.; Yokota,
(16) Dessole, G.; Herrera, R. P.; Ricci, 8ynlett2004 2374. K.; Fuchibe, K.Angew. Chem., Int. E2004 43, 1566. (b) Uraguchi, D.;
(17) Kotke, M.; Schreiner, P. Rletrahedron2006 62, 434. Terada, M.J. Am. Chem. SoQ004 126, 5356.
(18) Kirsten, M.; Rehbein, J.; Hiersemann, M.; Strassner).TOrg. (26) Bader, R. F. WAtoms in Molecules. A Quantum Thep@xford
Chem 2007, 72, 4001. University: New York, 1990.
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FIGURE 1. Minimum energy structure of the complexes found betw&emd 2—4 optimized at the B3LYP/6-3LG* level.

TZABLE 1. Interaction Energies, HB Distances,o(bcp), and substrate containing a single O atom. We next proceeded to
VvZp(bep) Found for Complexes 21, 31, and 41 Computed at the analyze the nature and pattern of the interactions in each
B3LYP/6-31+G* Level of Theory complex
complex E (kcalmoll)  HBdistance (A) p(bcp)  vp(bep) In the case of comple®-1, we began from a configuration
2:1 -10.0 NH:-0 2.07 0.0201  0.0640 where the anhydride group established bifurcated HBs between
NH---0 2.23 0.0135  0.0468 the central O atom and the two NH atoms and two secondary
CH--0291 00035 00140 bifurcated interactions between the=O groups and the NH
31 -10.7 NH--02.05  0.0198  0.0667 fth daCHf h ohenvi rina. Aft -
NH-0211 00166 00595 of the urea and a rom each phenyl ring. After optimization,
CH-++0 2.66 0.0056  0.0224 the system evolved to that shown in Figure 1, where parallel
CH---02.81 0.0046  0.0181 multiple HBs were found between one of the=O moieties
41 —128 NH--0202 00219  0.0723 and one NH, the central O atom and the other NH, and finally

NH--02.08 00187  0.0640 the second €0 bond and one CH from a phenyl ring. In all

cases, a bcp was found between the interacting atoms, and the
characteristics of the electron density at those bcps correspond
to HB interactions (Table 1). In the case 8f1, the final

Initially, we explored the amenability of different substrates

cqr)talmng anhyd_r|de20,_ aldehyde §), or oxirane @) function- optimized complex shows two bifurcated interactions between
alities to interaction W!thf!.. These partlcglar substrate; Were  aach of the &0 groups and one NH of the thiourea and a CH
chosen based on their inherent (yet discrete) reactivity and fom the proximal phenyl ring. All the aforementioned interac-
synthetic utility, the fact that they have been little studied (in tjons were characterized as HBs according to the electron density
the context of (thio)urea-mediated catalysis), and the presenceproperties found in the corresponding four bcp values (Table
of one, two, or three O atoms (i.e., HB acceptors) in both sp 1), Finally, in complex-1, a bifurcated HB is detected between
and sp hybridization modes. Considering the rigidity of the the oxirane heteroatom and both thiourea NH protons as seen
symmetrical catalyst and the previous computational studies both from the localization of two bcps and the electronic
on this material carried out by Schreiner etk9.1923 and characteristics indicated by those points (Table 1).

Strassner et al8 only that conformer of minimum energy that It has been demonstrated that there is a clear correlation
orients both thiourea NH protons toward the substrate was between the HB distance and the electron density at the bcp
considered. Regarding the substrates, different approaches fofe(bcp)]?’ Thus, the shorter the HB distance, the larger the
the interaction were taken to cover all conformational possibili- €léctron density and, therefore, the stronger the interaction.
ties, and the global minimum energy complexes shown in Figure Accordingly, it seems clear that the interaction between the

1 were obtained after optimization at the B3LYP/6+33* level. catalyst and the substrate will be favored not by the number
(complexes2-1 and 3-1 incorporate three and four HBs,

In terms of interaction energy (calculated as the difference respectively, wheread-1 is characterized by only two strong
between the total energy of the complex minus the sum of the HBs) but by the strength of the HBs in the complex (Table 1).
total energy of the host and guest (Table 1)), the most stable e next explored the interaction of a more acidic catalyst
complex was that formed between the thioutead the oxirane  (5: an N-tosyl analogue ofl) with 4. Initially, the conforma-
derivative @-1, Figure 1). Considering that it has been postulated tional space of this neff catalyst was explored at molecular
that the activity of this type of organocatalyst is driven by the
formation of an intramolecular net of HB interactions, this is (27) Some theoretical and experimental examples: (a) Alkorta, I.; Rozas,
an extremely interesting outcome. The catalyst model used ha ';o'zzla%‘fﬁf?*EJI;u e?g,u%. %Ahjfné?rﬁit?éo%‘gagbg qg‘f'”‘("‘c*)"éfp"’i‘;ggz LE
two HB donors in the thiourea moiety; therefore, it could be Alkorta, I.; Elguero, J.; Molins, EJ. Chem. Phys2002 117, 5529.
expected (2 prior) thl he larger the number o HB acoeplors | (28 o e et eoyesas o oo ot e e,
(O atoms) in the substrate, the stronger the interaction. However, o 5 chiral sulfrinamide—subs'tituted ureg catalyst, gee: Tan, K. L;gJacobserg‘ll,
the most stable complex was that formed with the oxirane-type E. N. Angew. Chem., Int. EQ007, 46, 1315.
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FIGURE 2. Minimum energy structure of the complexes found

between5 and4 optimized at the B3LYP/6-3tG* level. FIGURE 3. Minimum energy structure of the complexes found

- n e
TABLE 2. Interaction Energy, HB Distance, p(bcp), and VZp(bcp) between6 and4 optimized at the B3LYP/6-32G* level.

Found for Complex 4-5, Computed at the B3LYP/6-3H-G* Level of TABLE 3. Interaction Energy, HB Distance, p(bcp), and VZp(bcp)
Theory Found for Complex 4-6, Computed at the B3LYP/6-34#G* Level of
complex E(kcalmoll)  HBdistance (A) p(bcp)  V2o(bcp) Theory
45 -14.0 NH--O 1.90 0.0303  0.0933 complex  E (kcalmol)  HBdistance (A) p(bcp)  V2p(bcp)
NH---0 2.18 0.0145  0.0529 4-6 -14.1 NH--0 1.97 0.0240  0.0795
CH---O(S) 2.81  0.0050 0.0195 NH---O 2.09 0.0181 0.0627
CH---O(S) 3.05  0.0030 0.0133 CH-+O(S) 2.48  0.0086 0.0307

mechanics level. Three discrete minima were found with the PUrPOSe organocatalyst and often decomposed before complete
appropriate orientation of the NH thiourea groups (vide supra). Conversion of the starting materials in a number of_test_r_eacnons.
Considering that both the catalyst and the substrate are notVe were therefore encouraged to evaluate (in silico) the
symmetrically substituted, four different approaches for the correspondind\-tosyl urea in the expectation that this material
interaction were possible, all of which were explored. Twelve Would offer a greater catalyst stability without requiring a
complexes were found at the B3LYP/6-31G* level, which were Significant compromise on activity. To our delight, treatment
minima on the potential energy surface exhibiting, in 75% of ©f the interaction betweed and4 in the same fashion as used
the cases, interaction energies were stronger than those assocRreviously yielded analogous interaction energies to the corre-
ated with complexd-1. This is a strong indication that the ~SPonding thiourea complexes, and the absolute minimum,
oxirane better interacts with nonsymmetrically substit@&eaan complex4-6 (Figure 3), was calculated to be actually 0.06 kcal
with the symmetrical thioured. The most stable complexes Mol™* more stable thad-5 (Table 3). As in the case a5,
(within a range of 2 kcal moft over the minima) were optimized ~ the complexes formed with uréashow not only HBs with the
with the 6-31G* basis set-converging to four complexes. The  urea NH protons but also secondary interactions between one
most stable complext+5 is shown in Figure 2, and the of the su_lfonamlde O atoms and CH groups of the oxirane or
corresponding interaction energy and analysis of the HB Phenyl rings of the substrate. In particular, the most stable
intramolecular interactions found are presented in Table 2. In COMPplex4-6 possesses two very strong NHO HBs and a
complex4-5 (and in all of the optimized complexes investi- secondary weak HB formed between one of the O atoms of the
gated), not only is the expected bifurcated interaction between Sulfonamide and an ortho-hydrogen atom of the substrate
the O atom (from the oxirane) and the two thiourea NH benzene ring (Figure 3 and Table?). N
hydrogen atoms formed, but also secondary interactions are With @ potential novel catalyst and substrate identified,
observed between one of the sulfonamide O atoms and either@ttention now was turned toward the nucleophilic reaction
the methylene hydrogen atoms of the oxirane ring (as is the C0OmMponent and experimental studies. While this work was in

case with complex-5) or a CH of the substrate phenyl moiety ~Progress, Schreiner and Kleiner reported the first (thio)urea
(Figure 2). catalyzed addition of aliphatic amines, thiophenol, and alcohols

In each of the complexes betwednand 5 examined, all to epoxides? Yields were low to moderate in dichloromethane

interactions established between the host and the guest weré©lvent; however, the same reactions (which require ultrasoni-
identified as HBs according to both AIM theory and analysis cation before the addition of the nucleophile) under the influence

of the electron density. The data obtained for the most stable ©f hydrophobic amplification in water were highly efficient. As
complex4-5 are shown in Table 2. a starting point, we selected indole derivatives as the nucleo-

An examination of this data reveals that the HBs established Philic reaction partner as (a) they do not incorporate a basic
between the NH of the thiourea and the QXirane O atom are  (29) Al interactions established between both components in each of
even stronger (i.e., shorter bond length distances and largerthe complexes studied were identified as HBs according to AIM theory
values ofo(bcp)) than the corresponding interactions in complex atr‘%la”a'ys'sl C)’; g‘e e'eﬁ"on F‘e$3'tt)>|’- g?ly {ﬁsu'tskC’bt]?'r?ed If.o.’t the most

. s . . . Stable complex-o are snown In lable or the sake ot simplicity.

41 In add'“f_’“, even though the secondary 'nteraCt'onls with (30) For examples of metal(ion)-based catalysis of this reaction, see: (a)
the sulfonamide O atoms are weak, they seem to contribute tokantam, M. L.; Laha, S.; Yadav, J.; Sreedhar, Tétrahedron Lett2006
the total stability of the complex. At this juncture, we were 3471’ 2333( ()b|)3AZ:jZ'|"M|\'/i MFehrazl_anl\;la, I\ﬁ.;”Sa!dlA ML.JRan._JFé Cher:]miggﬁ

: H H e . y . (C) Banaini, M.; Fagioll, M.; iMelloni, A.; Umani-rRonchl, V.
confident that we had computationally identified a promising g, " cata15004 346, 573, (dj Bandini, M.; Cozzi, P. G.; Melchiorre,
novel catalyst substrate interaction and proceeded to commence p_; Umani-Ronchi, AJ. Org. Chem2002 67, 5386.
experimentation to validate the in silico findings. Unfortunately, ~ (31) Kotsuki, H.; Hayashida, K.; Shimanouchi, T.; NishizawaJHOrg.

- . ; Chem 1996 61, 984.
while catalystS was readily prepared from the corresponding (32) Subsequently, an interesting report involving the efficient catalysis

N-tosy! gniline/thiophosgene and exhibited high activity, itwas o this reaction using HBFSIO; has appeared: Bandgar, B. P.; Patil, A.
not sufficiently hydrolytically stable to be of use as a general- V. Tetrahedron Lett2007, 48, 173.

J. Org. ChemVol. 73, No. 3, 2008 951
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TABLE 4. Organocatalyzed Addition of 7 to 4

Fleming et al.

TABLE 5. Addition of 7 to Styrene Oxides 18-24 Catalyzed by 6

6 (10 mol%)
CH,Cl, (4.0 M), rt

R o] 5 A mol. sieves
|\\
D
N
18-24 7 25-31
(2.0 equiv.)
entry substrate product time (h)  vyield (36)
1 18R=2-OCH; 25R=2-OCH; 26 90
2 19R=4-OCH; 26R=4-OCHs 26 90
3 20R = 2-CHz 27R=2-CHs 48 98
4 21R =4-CHs 28R =4-CHs 48 94
5 22R = 2-Cl 29R = 2-Cl 621 80
6 23R=4-CI 30R=4-CI 163 93
7 24R =4-Br 31R=4-Br 77 92

catalyst (10 mol%) Ph
o CH,Cl, (4.0 M) HO
t,72h
Ph/<| 4
sl
4 N 8
/
7 (2.0 equiv.)
R R (o] o, //o
H
R N~ "N R
H H 13
1 X=S,R=CF3
9 X=0,R=CF; @\ s
10 X=0,R=F
11 X=S,R=H NJ\N
12 X=0,R=H HiH OH
o g o I
OH OH O OH
15 16 O 17
entry catalyst time (h) yield (%)
1 None 72 0
2 1 72 <2
3 9 72 0
4 10 72 0
5 11 72 0
6 12 72 0
7 6 72 71
8 13 72 56
9 14 72 0
10 15 72 39
11 16 72 0
12 17 245 2pc

aRefers to isolated yield after chromatographZonversion, determined
by IH NMR spectroscopyt (R)-BINOL afforded8 as a racemate: no kinetic
resolution was observed.

functionality that could possibly deprotonate the acidic WBea
(b) the 3-alkyl indole addition products from such reactions are
useful synthetic building blocks for the construction of molecules
of biological interest® and (c) at the outset of this study, the
previous benchmark for organocatalysis of this reaction involved
the use of a silica gel catalyst and elevated temperatures an
pressures (10 kbar) to afford moderate to good adduct yiefds.

The results of initial catalyst screening studies are presented

in Table 4. The addition of 1,2-dimethylindol&)(to 4 in
dichloromethane does not proceed at room temperature (entr
1 in Table 4). The same reaction catalyzedlbgl0 mol %)
afforded only traces of adduBt(entry 2 in Table 4), anti,N-
diaryl (thio)urea®—12 were inactive (entries-36 in Table 4).
Gratifyingly, N-tosyl urea6 identified in the in silico study as
potentially suitable for use in conjunction withproved to be
an effective catalyst capable of furnishiBgn good isolated
yield after 72 h (entry 7 in Table 4). We did not observe
significant decomposition @ in this reaction. The contribution
of the urea moiety to the activity dd is underlined by the
catalytic inferiority of acyl sulfonamidd3 (entry 8 in Table
4): although it is noteworthy that this material is superiof.to
and9—12 under these conditions. Thiour&4, which possesses
an additional HB donating functionality, did not catalyze the
reaction, while of the diold5—17, only catecholl5 exhibited

an appreciable catalytic activity.

952 J. Org. Chem.Vol. 73, No. 3, 2008

aRefers to isolated yield after chromatographame reaction without
molecular sieves gave 75% isolated yield.

SCHEME 1. Addition of 1- and 2-Methylindoles to 24
Catalyzed by 6

Br
6 (10 mol%)

CH,Cl, (1.85 M), rt
N /

/
R' (2.0 equiv.)

32 R'=CH; R?=H
33 R'=H,R?=CHj,3

24

34 R'=CH3; R?=H 7.8d,98%
35 R'=H,R?>=CH; 7.2d, 89%

Next, the compatibility o6 with styrene oxides of variable
steric and electronic characteristics was investigated (Table 5).
A range of styrene oxides8—24 could be converted to indole
derivatives25—31in good to excellent yields. Both ortho- and
para-substitution is well-tolerated by the catalyst, and styrene
oxides with electron-rich aromatic rings (entries4.in Table
5) react at considerably faster rates than their more electron
deficient counterparts (entries-F in Table 5). Indoles other
than7 can also be employed as the nucleophile: both 1- and
2-methylindole derivatives could be reacted wathto give 34

dand 35in good yields (Scheme 1).

The success of these Fried&lrafts-type reactions prompted
us to investigate the compatibility 6fwith other nucleophiles.
Preliminary experiments focused on the use of aliphatic
amines3® however, these were found to be sufficiently reactive
Yunder our reaction conditions to give considerable levels of

amino alcohol products in the absence of catalyst; furthermore,
Schreiner and Kleinét had recently developed efficient catalytic
methodologies for their use in aqueous solvent; therefore, we
decided that the addition of less reactive aniline nucleophiles
to 4 would provide a more instructive test of the catalyst's
activity and utility (Table 6).

Catalyst6 could promote the efficient and highly regiose-
lective formation off3-amino alcohol products derived from
aniline (entry 1 in Table 6)N-methyl aniline, and (remarkably)
either sterically or electronically deactivated derivatives thereof

(33) For the first examples of catalysis of this reaction (using a
biphenylenediol catalyst), see: (a) Hine, J.; Linden, S.-M.; Kanagasabapathy,
V. M. J. Am. Chem. Sod985 107, 1082. (b) Hine, J.; Linden, S.-M.;
Kanagasabapathy, V. M. Org. Chem1985 50, 5096.
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TABLE 6. Organocatalyzed Addition of Anilines to Styrene Oxide

RZ
6 (10 mol%) X N,R1
4 - | L 2 OH
R CH,Cl, 1t Q)V
36-40 4145
entry substrate product time yield
(h) (%)
L QL
1° 36 NH 41 91 86
©)\/OH
QL
7~
2° N 42 91 78°
@ 37 ©)\/0H
3¢ ©/38 NH 43 90 75¢
©)\/OH
NH,
44 39 ] NH 44 147 92
©)\/0H
NH, cl
5 /@\40 /@\ 45 71 84
cl cl cl NH

k;

aRefers to isolated yield after chromatograph2.0 M concentration.

The crude reaction mixture was determined to be a 94:6 ratio of regioisomers

using *H NMR spectroscopy. The yield cited corresponds to that of the
isomer shown¢ 1.5 M concentrationd Using 20 mol %6. € Crude reaction
mixture was determined to be a 92:8 ratio of regioisomers udthiyMR
spectroscopy.

(entries 3-5 in Table 6) at 10 mol % levels. Only the
considerably hindered amif® required an augmented catalyst
loading of 20 mol %. While Schreiner and Kleiner's stitly
did not utilize aniline substrates, Saidi and A#ziecently
reported (in a study concerned with the addition of amines to

epoxides in water) that aromatic amines gave poor adduct yields

with all oxirane electrophiles except terminal epoxideunder
conditions that resulted in smooth reactions using aliphatic
amines. Accordingly, we were pleased to find tiatould
catalyze the addition of aniline to the more hindergggtilbene
oxide @6) in high yield at 30°C (Scheme 2)

The scope of these catalyzed processes was not restricted t
carbon- and nitrogen-based nucleophiles. Thiophett)l gnd
the weakly nucleophilic benzyl alcohd() could also be added

(34) Azizi, N.; Saidi, M. R.Org. Lett 2005 7, 3649.
(35) Only one example (using aniline itself) as the nucleophile was given.

JOC Article

SCHEME 2. Addition of Aniline to ( E)-Stilbene Oxide

Catalyzed by 6
o &

S

6 (20 mol%)
CH,Cl, (2.0 M)

+

O (2.0 equiv.) =77 250 d H’N@
46 47 92%
SCHEME 3. Addition of Thiophenol and Benzyl Alcohol to

18— and 19 Catalyzed by 6

SH

Q.

o~ 49 85%

6 (20 mol%)

—_—

neat, 20 h, rt OH

48 (2.0 equiv.)

OH
6 (20 mol%) o

19  + R
neat, 20 h, rt /@)VOH
50 (2.0 equiv.) ~o 51 82%

TABLE 7. Interaction Energies (kcal/mol), HB Distances (A),
p(bep), and V2p(bcp) Found for Complexes 418 and 41b6
Computed at the B3LYP/6-3H-G* Level of Theory

complex E; (kcal mol1) HB distance ()  p(bcp)  V2p(bep)
416 -11.5 NH--N 2.26 0.0176  0.0466
NH---0 1.94 0.0288  0.0852

OH---O(S) 1.95 0.0253  0.0855

NH---O 2.23 (intra) 0.0168  0.0774

41b-6 —13.0 NH--0 2.20 0.0158  0.0524
NH---O 1.88 0.0310  0.0990

NH---O(S) 2.23 0.0133  0.0476

CH---O(S) 2.55 0.0069  0.0269

to methoxy substituted styrene oxids%- and19in good yield
at room temperature with the assistancedfScheme 3). In
the absence of the catalyst, no conversiod®f and19 was
observed after the same reaction time in either process.

Finally, we studied, from a theoretical point of view, the
relative affinities of the catalyst for the substrate and the product
obtained after the addition of aniline to styrene oxide. The
possible complexes formed between urea catélgsid41 were
analyzed. Initially, the conformational space of the product was
explored, and the conformer of minimum energy was identified
and then used for the rest of the calculations. The catalyst
conformer utilized was that previously determined (vide supra).
Considering the structure of both molecules, all possible
approximations were taken into account at the B3LYP/6-31G*
level, and 12 complexes of minimum energy were identified.
Eight of these involved interactions between the catalyst urea
moiety and the O atom of the hydroxyl group of the product.
The other four approximations involved dual interactions
between the urea and both the O(H) and the N(H) groups of
the product. Those conformers of minimum energy for each

gpproximation were further optimized at the 643&* level,

resulting in two different complexes of minimum energyl&
6 and41b-6 (Table 7 and Figure 4)).

Complex41a6 is formed between the catalyst (acting as a
HB donor) and41 with both the product amino and the hydroxy!
groups acting as HB acceptors (Figure 4), and an additional

J. Org. ChemVol. 73, No. 3, 2008 953
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2 2o’ 6 possessed unprecedented activity for a (thio)urea catalyst and
% S Qe promoted the addition of indol@ to styrene oxide at room
,J‘ 9 : Q)Af, temperature under conditions that other (thio)urea derivatives
Y J-‘ OJ L 4 °° (including 1) did not. The catalyst was robust and of high
+9 T; o synthetic utility: various styrene oxides (including a nonterminal
? i~ 9 9 g analogue) and indoles were tolerated, and (demonstrating the
‘P : o, general applicability of the methodology) it was found that the
¥ J’ o ‘J catalyst was equally proficient in the promotion of®, C—S,
J‘ and C-0 bond formation via the addition of weak nucleophiles
s to epoxides under conditions that do not give reactions in the

- absence ob. We are currently investigating the use of this
FIGURE 4. Structure of minimum energy found for the complexes . . . .
formed betweer1 and6; complexest1a6 (left) and41b+6 (right). strategy in the design of more complex bifunctional catalyst
The ring of cooperative HBs in compleXLa:6 is framed. systems.

HB is formed between the hydroxylic proton and one of the O Experimental Section

atoms of the S@moiety. Complex41b-6 is characterized by

bifurcated HBs between the O atom of the product and the urea  Synthesis of Catalyst 6A 10 mL round-bottomed flask charged
protons and two secondary interactions between the productWwith 3,5-trifluoromethylaniline (60Q.L, 3.84 mmol) and dichlo-

amino and the methine protons as HB donors with one of the omethane (5.0 mL) was fitted with a septum and placed under an
catalyst's sulfonamide O atoms. atmosphere of Ar. Subsequentbytoluenesulfonyl isocyanate (643

; . . . ul, 4.22 mmol) was added via a syringe. A white precipitate was
id Angly?mg It-|hBe e_Iectrorp] densnly sulrfa(r:]e, It was fp%sés;téle to observed after 10 min. The solution was left to stir overnight. The
identify four HBs in each complex. In the case of & reaction was filtered, and the product was purified by recrystalli-
complex, parallel HBs are formed between the urea NH groups z4tion (CHCl,-hexane) to gives (1.52 g, 93%) as a white solid,

and the N (medium HB) and O (very strong HB) atoms of the mp 185-187°C. *H NMR (CDCls) 6 8.94 (br s, 1H, NH), 7.95 (s,
product, and a very strong HB is established between the 2H), 7.83-7.86 (d, 2H,J = 5.4 Hz), 7.66 (s, 1H), 7.48 (br s, 1H),
hydroxyl group of the product (which acts now as a HB donor) 7.39-7.41 (d, 2H,J = 5.4 Hz), 2.48 (s, 3H)}*C NMR (CDCk) ¢
and one of the sulfonamide O atoms. Additionally, an intramo- 148.4, 145.9, 138.2, 136.0, 132.6 (o= 33.9 Hz), 130.4, 126.9,
lecular NH-+O(H) HB is found in the product molecule (Table 122.9 (qJ = 273.0 Hz) 119.8, 118.1, 21.6. IR (Nujol) 3157, 1693,
7). The reason behind the strength of the -NB and OH-- 1276, 1162, 1147, 680 crth HRMS (ESI,m2) caled for GeHiN-Os-
O(S) bonds lies in the cooperative effect established betweenSFeNa (M + Naj” 449.0371, found 449.0389 _
these two HBs formed through the-®1 group3® Thus, it is Procedure A: Synthesis of 8 Catalyzed by 6A 1 mL reaction

; ; ; ; ; -+~ vessel equipped with a stir bar and charged Wi{9.3 mg, 0.069
]P:SShsﬂ?rlf t(%_")jsn_tg.?orilg,?.fOEBSS(ECKSneCted In & cooperative mmol) ard 5 A molecular sieves (40 mg) was fitted with a septum

; d placed und t h f Ar (ball .C Juaeo
In complex41b-6, bifurcated HBs are formed between both ?nng Fi%%emtlnrgl)e rggézn(wzgz ;Lr)e (;ndrél((?S%(ZE O%ngg nlwlmol)

urea NH protons and hydroxyl O atom. Additionally, two weak yere then added, the septum was replaced with a cap, and the
HBs are established between the NH and one CH group of theresulting solution was stirred at ambient temperature for 72 h.
product and one of the sulfonamide O atoms. These two Column chromatography of the reaction mixture (4:1 hexane/ethyl
complexes, which are the most stable of all the possible acetateR: 0.3) yielded8 (129 mg, 71%) as a pale yellow ofiH
complexes found at lower levels of computation, are less stableNMR (CDCly) 6 7.49-7.51 (d, 1H,J = 8.0 Hz), 7.277.36 (m,
than complex4-6 found between the catalyst and the oxirane SH), 7.16-7.22 (m, 2H), 7.027.06 (app. t, 1H) = 7.5 Hz), 4.52-
derivative (Table 7). 4.56 (app. t, 1HJ = 7.8 Hz), 4.36-4.38 (m, 2H), 3.71 (s, 3H),
2.41 (s, 3H).13C NMR (CDCk) o: 141.9, 137.0, 135.3, 128.4,
. 127.9, 126.7, 126.3, 120.7, 119.3, 119.2, 109.2, 108.9, 65.2, 45.4,
Conclusion 29.7, 10.7. NMR spectral data are consistent with that in the
To summarize, we utilized computational DFT methods to literature2*° IR (neat): 3399, 2936, 1600, 1177, 1031, 739°ém

-
evaluate the stabilities of hydrogen-bonded complexes beMeer#%Emszgisllégg) calcd for GeHisNONa (M + Na)* 288.1364,

thio(urea) catalysts and three different electrophiles that incor- Synthesis of 25A 1 mL reaction vessel equipped with a stir
porate Lewis-basic oxygeln-based functhnallty: Thesg data werey - charged witl6 (29.3 mg, 0.0688 mmol) ah5 A molecular
then used to select a (thio)urealectrophile pair predicted 10 gjeyes (40 mg) was fitted with a septum and placed under an
be best suited for use in catalytic reactions in conjunction with atmosphere of Ar (balloon). Compourfd(200 mg, 1.37 mmol),

a generic nucleophile. While this approach ignores the reaction cH,Cl, (40 4L), and18 (103.3 mg, 0.688 mmol) were then added,
transition state, it is rapidly executed, and the results can the septum was replaced with a cap, and the resulting solution was
potentially be applied to a range of reactions involving a given stirred at ambient temperature for 26 h. Column chromatography
electrophile and a number of various nucleophiles if discretion of the reaction mixture (CkCl, R 0.5) yielded25 (183 mg, 90%)

is exercised regarding nucleophile compatibility with the as a pale yellow solid, mp 124126 °C. *H NMR (DMSO-dg) 6
catalyst’s acidity. The results of these investigations strongly 7.48-7.50 (m, 2H), 7.287.30 (d, 1H,J = 7.8 Hz), 7.16-7.14
indicated that the previously unknown acidic urea-based catalyst(app' t 1HJ=7.8 Hz), 6.95-6.99 (app. t, 1H) = 7.5 Hz), 6.83-

. . 6.90 (M, 3H), 4.584.62 (m, 2H), 4.16-4.20 (app. t, 1HJ) = 9.5
6 would potentially be able to serve as a more active promoter Hz), 3.94-3.99 (app. t, 1HJ = 8.8 Hz), 3.72 (s, 3H), 3.62 (s,

of addition reactions to epoxide derivatives than benchmark 3H), 2.40 (s, 3HJC NMR (DMSO4dg) 6: 157.0, 136.2, 133.9,
literature catalystl. Synthesis and evaluation 6éfled to the 130.8, 127.9, 126.7, 126.6, 119.8, 119.5, 118.9, 118.0, 110.6, 110.4,
validation of this computational study-guided design strategy: 108.9, 62.7, 55.3, 38.6, 29.3, 10.3. IR (Nujol): 3327, 2917, 1596,
1462, 1117, 1027, 732 cth HRMS (ESI,m/z) calcd for GgHa1-

(36) Rozas, IPhys. Chem. Chem. Phy2007, 9, 2782. NO,;Na (M + Na)* 318.1470, found 318.1464.
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Synthesis of 26.A 1 mL reaction vessel equipped with a stir  107.8, 64.2, 43.0, 29.5, 10.6. IR (neat): 3400, 2935, 1611, 1468,
bar charged witt6 (29.3 mg, 0.0688 mmol) @h5 A molecular 1040, 741 cmt. HRMS (ESI,m/2) calcd for GgH;gNONaCl (M
sieves (40 mg) was fitted with a septum and placed under an + Na)" 322.0975, found 322.0984.
atmosphere of Ar (balloon). Compoufd(200 mg, 1.37 mmol), Synthesis of 30.A 1 mL reaction vessel equipped with a stir
CH.Cl; (40.4uL), and19(78.5uL, 0.688 mmol) were then added,  bar charged witt6 (29.3 mg, 0.0688 mmol) ah5 A molecular
the septum was replaced with a cap, and the resulting solution wassieves (40 mg) was fitted with a septum and placed under an
stirred at ambient temperature for 26 h. Column chromatography atmosphere of Ar (balloon). Compoud(200 mg, 1.37 mmol),
of the reaction mixture (CHCl,, R 0.5) yielded26 (183 mg, 90%) CH.CI; (66 uL), and 23 (137 mg, 0.688 mmol) were then added,
as a pale yellow oil'H NMR (DMSO-dg) 6 7.32—7.34 (dd, 2H,J the septum was replaced with a cap, and the resulting solution was
= 8.0 Hz), 7.23-7.26 (d, 2H,J = 8.0 Hz), 6.98-7.02 (app. t, 1H, stirred at ambient temperature for 163 h. Column chromatography
J= 7.5 Hz), 6.84-6.88 (app t, I1HJ = 7.5 Hz), 6.79-6.81 (d, of the reaction mixture (CkCl,, R 0.3) yielded30 (191 mg, 93%)
2H,J = 8.0 Hz), 4.68-4.70 (app t, 1HJ = 5.5 Hz), 4.26-4.30 as a clear oil'H NMR (DMSO-dg) 6 7.28-7.37 (m, 6H), 6.99-

(app t, 1H,J = 7.3 Hz), 4.174.23 (m, 1H), 3.93-3.98 (m, 1H), 7.03 (app t, 1HJ) = 7.8 Hz), 6.85-6.89 (app t, 1HJ = 7.5 Hz),

3.69 (s, 3H), 3.63 (s, 3H), 2.36 (s, 3HC NMR (DMSO-dg) o: 4.80-4.83 (app t, 1HJ) = 5.0 Hz), 4.32-4.35 (app t, 1HJ) = 7.0
157.1, 136.3, 135.4, 133.6, 128.9, 126.5, 119.7, 118.8, 118.2, 113.3Hz), 4.21-4.27 (m, 1H), 3.92-3.97 (m, 1H), 3.64 (s, 3H), 2.37 (s,
111.6, 109.0, 64.0, 55.0, 44.1, 29.3, 10.4. IR (neat): 3399, 3048, 3H). 13C NMR (DMSOds) ¢: 142.6, 136.3, 133.8, 130.0, 129.9,
2933, 1610, 1511, 1034 crth HRMS (ESI,n/2) calcd for GgHzs- 127.8, 126.3, 119.9, 118.6, 118.4, 110.9, 109.1, 63.6, 44.3, 29.4,
NO;Na (M + Na)t 318.1470, found 318.1461. 10.4. IR (neat): 3434, 2250, 1661, 1056, 822, 759, crAiRMS

Synthesis of 27.A 1 mL reaction vessel equipped with a stir  (ESI, m/2) calcd for GgHigNOCI (M + H)* 300.1155, found
bar charged witt6 (29.3 mg, 0.0688 mmol) ah5 A molecular 300.1147.
sieves (40 mg) was fitted with a septum and placed under an Synthesis of 31.A 1 mL reaction vessel equipped with a stir
atmosphere of Ar (balloon). Compoud(200 mg, 1.37 mmol), bar charged witts (29.3 mg, 0.0688 mmol) ah5 A molecular
CH,Cl, (78 uL), and 20 (92.3 mg, 0.688 mmol) were then added, sieves (40 mg) was fitted with a septum and placed under an
the septum was replaced with a cap, and the resulting solution wasatmosphere of Ar (balloon). Compoud(200 mg, 1.37 mmol),
stirred at ambient temperature for 48 h. Column chromatography CH,Cl, (66 uL), and24 (137 mgs, 0.688 mmol) were then added,
of the reaction mixture (CHCl,, R 0.45) yielded27 (188 mg, 98%) the septum was replaced with a cap, and the resulting solution was
as a pale yellow oil*H NMR (DMSO-dg) 6 7.57-7.59 (d, 1H,J stirred at ambient temperature for 77 h. Column chromatography
= 7.8 Hz), 7.28-7.32 (app t, 2HJ = 7.8 Hz), 7.18-7.21 (m, of the reaction mixture (CkCl,, Rs 0.3) yielded31 (218 mg, 92%)
1H), 7.06 (m, 2H), 6.967.00 (app t, 1HJ = 7.8 Hz), 6.86-6.83 as a pale yellow oil'H NMR (DMSO-dg) 6 7.42-7.44 (d, 2H,J

(appt, 1HJ = 7.3 Hz), 4.68-4.70 (app t, 1H) = 5.4 Hz), 4.37 = 8.0 Hz), 7.36-7.35 (m, 4H), 6.997.03 (app t, 1HJ = 7.5
4.40 (app t, 1HJ = 7.3 Hz), 4.12-4.18 (m, 1H), 3.9%3.97 (M,  Hz), 6.86-6.89 (app t, 1HJ = 7.5 Hz), 4.86-4.83 (m, 1H), 4.36-
1H), 3.62 (s, 3H), 2.33 (s, 3H), 2.13 (s, 3HJC NMR (DMSO-  4.34 (m, 1H), 4.234.27 (m, 1H), 3.923.97 (m, 1H), 3.64 (s,

dg) 0: 140.8, 136.6, 136.3, 134.0, 130.1, 127.3, 126.7, 125.6, 125.3,3H), 2.37 (s, 3H)1*C NMR (DMSOg) o: 143.0, 136.3, 133.9,

119.6, 118.4, 118.1, 109.6, 108.9, 63.5, 41.7, 29.3, 19.3, 10.4. IR130.7, 130.4, 126.3, 119.9, 118.6, 118.5, 118.4, 110.8, 109.1, 63.6,

(neat): 3410, 3049, 2251, 1657, 1470, 1008 EnHRMS (ESI, 44.3, 29.4, 10.4. IR (neat): 3435, 2251, 2125, 1661, 1055, 822,

m/z) calcd for GgH,:NONa (M+ Na)t 302.1521, found 302.1511. 760 cnt!. HRMS (ESI,m/z) calcd for GgHi1gNONaBr (M + Na)*
Synthesis of 28 A 1 mL reaction vessel equipped with a stir  366.0469, found 366.0461.

bar charged witl6 (29.3 mg, 0.0688 mmol) ah5 A molecular Synthesis of 34.A 1 mL reaction vessel equipped with a stir
sieves (40 mg) was fitted with a septum and placed under an bar charged witt6 (33.3 mg, 0.0782 mmol) ah5 A molecular
atmosphere of Ar (balloon). Compourfd(200 mg, 1.37 mmol), sieves (40 mg) was fitted with a septum and placed under an

CH,Cl, (78 uL), and21 (92.3 mg, 0.688 mmol) were then added, atmosphere of Ar (balloon). Compous@ (200 uL, 1.56 mmaol),

the septum was replaced with a cap, and the resulting solution wasCH,Cl, (424uL), and24 (155.7 mg, 0.782 mmol) were then added,

stirred at ambient temperature for 48 h. Column chromatography the septum was replaced with a cap, and the resulting solution was

of the reaction mixture (4:1 hexane/ethyl acet&®e0.3) yielded stirred at ambient temperature for 7.8 days. Column chromatography

28 (181 mg, 94%) as a pale yellow oflH NMR (DMSO-dg) of the reaction mixture (3:1 hexane/ethyl acet®e0.5) yielded

7.31-7.35 (app t, 2HJ = 6.8 Hz), 7.26-7.22 (d, 2H,J = 8.0 34 (235 mg, 91%) as a white solid, mp 14143 °C. IH NMR

Hz), 6.98-7.04 (m, 3H), 6.846.87 (app t, 1HJ) = 7.3 Hz), 4.6 7+ (CDCly) 6 7.43-7.45 (m, 3H), 7.327.34 (d, 1H,J = 8.3 Hz),

4.69 (app t, 1HJ) = 5.0 Hz), 4.26-4.30 (app t, 1HJ = 7.3 Hz), 7.23-7.26 (m, 3H), 7.06:7.09 (app. t, 1H,J) = 6.8 Hz), 6.97 (s,

4.18-4.24 (m, 1H), 3.93-3.98 (m, 1H), 3.63 (s, 3H), 2.36 (s, 3H),  1H), 4.45-4.47 (app. t, 1HJ = 6.8 Hz), 4.23-4.26 (dd, 1HJ =

2.22 (s, 3H)13C NMR (DMSO-dg) 0: 140.5, 136.3, 134.3,133.6, 6.7, 10.9 Hz), 4.154.18 (dd, 1HJ = 6.8, 10.9 Hz), 3.80 (s, 3H).

1285, 127.9, 126.5, 119.7, 118.8, 118.2, 111.5, 108.9, 63.8, 44.6,13C NMR (CDCk) ¢: 141.0, 137.3, 131.6, 130.0, 127.2, 126.7,

29.3, 20.6, 10.4. IR (neat): 3392, 3047, 2923, 1470, 1036, 739 122.0, 120.5, 119.3, 119.2, 113.9, 109.4, 66.2, 45.0, 32.8. IR

cm i HRMS (ESI, m'z) calcd for GgH,;NONa (M + Na)* (Nujol): 3302, 2923, 1377, 1053, 1007, 731 ¢mHRMS (ESI,

302.1521, found 302.1516. m/z) calcd for G;H17NOBr (M + H)* 330.0494, found 330.0495.
Synthesis of 29.A 1 mL reaction vessel equipped with a stir Synthesis of 35.A 1 mL reaction vessel equipped with a stir

bar charged witt6 (29.3 mg, 0.0688 mmol) ah5 A molecular bar charged witt6 (32.5 mg, 0.0762 mmol) ah5 A molecular

sieves (40 mg) was fitted with a septum and placed under an sieves (40 mg) was fitted with a septum and placed under an

atmosphere of Ar (balloon). Compoufd(200 mg, 1.37 mmol), atmosphere of Ar (balloon). Compou38 (200 mg, 1.52 mmol),

CH,CI, (64 uL), and22 (106.4 mg, 0.688 mmol) were then added, CH,Cl, (261xL), and24(151.7 mg, 0.762 mmol) were then added,

the septum was replaced with a cap, and the resulting solution wasthe septum was replaced with a cap, and the resulting solution was

stirred at ambient temperature for 621 h. Column chromatography stirred at ambient temperature for 7.2 days. Column chromatography

of the reaction mixture (4:1 hexane/ethyl acet&®e0.3) yielded of the reaction mixture (C§Cl,, R 0.5) yielded35 (221 mg, 89%)

29 (165 mg, 80%) as a pale yellow otH NMR (CDCl;) 6 7.62— as a yellow wax!H NMR (DMSO-dg) 6 10.80 (br s, 1H), 7.42

7.65 (d, 1H,J = 8.0 Hz), 7.5%#7.59 (d, 1H,J = 7.5 Hz), 7.35 7.44 (d, 2H,J = 8.5 Hz), 7.28-7.31 (m, 3H), 7.26-7.22 (d, 1H,

7.37 (d, 1H,J = 8.0 Hz), 7.29-7.32 (d, 1H,J = 8.5 Hz), 7.14 J=8.0 Hz), 6.91-6.95 (app t, 1HJ = 7.5 Hz), 6.86-6.84 (app

7.24 (m, 3H), 7.047.08 (app t, 1H,) = 7.5 Hz), 4.86-4.89 (dd, t, 1H,J=7.5Hz), 4.78-4.81 (app t, 1HJ) = 5.0 Hz), 4.174.28

1H,J=6.5, 9.0 Hz), 4.374.42 (m, 1H), 4.274.31 (m, 1H), 3.70 (m, 2H), 3.91-3.96 (m, 1H), 2.34 (s, 3H):3C NMR (DMSO-ds)

(s, 3H), 2.44 (s, 3H)}*C NMR (CDCk) o: 139.3, 136.8, 135.5,  o: 143.2, 135.2, 132.2, 130.7, 130.4, 127.3, 119.8, 118.5, 118.4,

134.1,129.7,129.1, 127.5, 126.7, 126.6, 120.5, 119.2, 118.8, 108.9118.2, 110.7, 110.5, 63.6, 44.2, 12.0. IR (neat): 3399, 3325, 2926,
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1618, 1487, 1010, 740 crth HRMS (ESI,m/Z) calcd for G/Hi7-
NOBr (M + H)* 330.0494, found 330.0498.

Synthesis of 41Prepared as per procedure A usth(B7.4 mg,
0.087 mmol),36 (80 uL, 0.877 mmol), CHCI, (240 uL), and 4
(100uL, 0.877 mmol). The reaction was stirred for 91 h. Column
chromatography of the reaction mixture (1:1 £Hp/hexaneR; 0.5)
yielded41 (161 mg, 86%) as a pale brown wakl NMR (CDCls)
0 7.35-7.41 (m, 4H), 7.29-7.31 (m, 1H), 7.1%7.15 (app t, 2H,
J= 7.8 Hz), 6.76-6.73 (app t, 1HJ = 7.5 Hz), 6.60-6.61 (d,
2H,J = 9.0 Hz), 4.53-4.56 (dd, 1HJ = 4.5, 7.0 Hz), 3.974.00
(dd, 1H,J = 4.0, 11.0 Hz), 3.783.82 (dd, 1HJ = 7.0, 11.0 Hz),
3.52 (s, 1H), 1.55 (br s, 1H}3C NMR (CDCk) 6: 146.7, 139.6,

Fleming et al.

1026, 854, 700 crt. HRMS (ESI,m/2) calcd for G7HoNO (M +
H)* 256.1701, found 256.1691.

Synthesis of 45Prepared as per procedure A ust(87.4 mg,
0.0877 mmol) 40 (283 uL, 1.75 mmol), CHCI, (340uL), and4
(100uL, 0.877 mmol). The reaction was stirred for 71 h. Column
chromatography of the reaction mixture (&, R 0.7) yielded
45 (207 mg, 84%) as a yellow solid, mp 781 °C. IH NMR
(CDCly) 6 7.31-7.42 (m, 5H), 6.66 (s, 1H), 6.44 (s, 2H), 446
4.49 (app t, 1HJ = 5.0 Hz), 3.98-4.01 (dd, 1H,J = 4.0, 11.0
Hz), 3.79-3.83 (dd, 1H,J = 6.0, 11.0 Hz)*3C NMR (CDCk) o:
148.7, 138.7, 135.2, 128.9, 127.9, 126.4, 117.4, 111.8, 67.0, 59.3.
IR (neat): 3431, 2930, 1593, 1451, 1316, 1069, 703'ciHRMS

128.7,128.4,127.2,126.3, 117.5, 113.4, 67.0, 59.4. NMR spectral (ESI, m2) calcd for GsH12NOCl, (M + H)* 282.0452, found

data are consistent with that in the literatéféR (neat): 3399,
3025, 2874, 1599, 1501, 1316, 1066, 697 énHRMS (ESI,m/z)
calcd for G4H16NO (M + H)* 214.1232, found 214.1227.

Synthesis of 42: Major Isomer (Table 6).Prepared as per
procedure A using (37.4 mg, 0.087 mmol)37 (95 uL, 0.877
mmol), CHCI, (225uL), and4 (100xL, 0.877 mmol). The reaction
was stirred for 91 h. Column chromatography of the reaction
mixture (1:1 CHCl,/hexaneRs 0.4) yielded42 (177 mg, 78%) as
a pale yellow viscous oitH NMR (CDCl;) 6 7.28-7.31 (m, 5H),
7.15-7.17 (d, 2H,J = 8.8 Hz), 6.96-6.98 (d, 2H,J = 8.0 Hz),
6.83-6.87 (app t, 1HJ = 7.3 Hz), 5.16-5.14 (dd, 1H,J = 6.0,

9.0 Hz), 4.12-4.20 (m, 2H), 2.73 (s, 3H), 2.13 (br s, 1H). NMR
spectral data are consistent with that in the literat&féC NMR
(CDCly) 6: 151.0,137.3,129.1, 128.4, 127.5, 127.0, 118.3, 114.7,
64.5, 61.5, 31.9. IR (neat): 3383, 2884, 1597, 1503, 1030, 746,
695 cnmtl. HRMS (ESI, m/2) calcd for GsHigNO (M + H)*
228.1388, found 228.1387.

Synthesis of 42: Minor Isomer.Prepared as per procedure A
using6 (37.4 mg, 0.087 mmol37 (95 uL, 0.877 mmol), CHCI,
(225uL), and4 (100 uL, 0.877 mmol). The reaction was stirred
for 91 h. Column chromatography of the reaction mixture (1:1-CH
Clo/hexaneR; 0.3) yielded42 (8 mg, 3%) as a pale yellow oitH
NMR (CDCl) 6 7.39-7.47 (m, 4H), 7.287.36 (m, 3H), 6.87%
6.90 (d, 2HJ = 8.5 Hz), 6.79-6.83 (app t, 1HJ = 7.3 Hz), 5.02-
5.05 (dd, 1HJ = 4.5, 9.0 Hz), 3.44-3.57 (m, 2H), 2.97 (s, 3H),
2.55 (br s, 1H). NMR spectral data are consistent with that in the
literature?2 13C NMR (CDCk) 6: 149.5, 141.5, 128.8, 128.1, 127.4,
125.5,117.1, 112.8, 71.3, 61.6, 38.9. HRMS (E8k) calcd for
CisH1gNO (M + H)* 228.1388, found 228.1379.

Synthesis of 43Prepared as per procedure A usth(B7.4 mg,
0.0877 mmol)38 (93 uL, 0.877 mmol), CHCI, (386 uL), and4
(200uL, 0.877 mmol). The reaction was stirred for 90 h. Column
chromatography of the reaction mixture (&b, R 0.5) yielded
43 (183 mg, 99%) as a pale gragreen solid, mp 8483 °C. 'H
NMR (CDClg) 6 7.35-7.7.42 (m, 4H), 7.287.32 (m, 1H), 7.16
7.12 (d, 1HJ=7.0Hz), 6.977.01 (app t, 1HJ) = 8.7 Hz), 6.66-
6.70 (app t, 1H) = 7.6 Hz), 6.41+-6.42 (d, 1IHJ = 7.6 Hz), 4.57
4.59 (dd, 1HJ = 4.0, 7.0 Hz), 4.4 (br s, 1H), 3.994.03 (dd, 1H,
J=4.0,11.0 Hz), 3.8%3.85 (dd, 1HJ = 7.0, 11.0 Hz), 2.31 (s,
3H), 1.81 (br s, 1H)13C NMR (CDCk) o: 144.7, 139.7, 129.7,

282.0461.

Synthesis of 47Prepared as per procedure A ust (6.9 mg,
0.20 mmol),36 (186 uL, 2.04 mmol), CHCI, (324 L), and 46
(200 mg, 1.02 mmol). The reaction was stirred for 142 h at@G0
Column chromatography of the reaction mixture (1:1 ,CH/
hexaneR; 0.1) yielded47 (270 mg, 92%) as a pale pink solid, mp
126-127°C (lit.3° 122-124°C). '"H NMR (CDCl) ¢ 7.26-7.31
(m, 6H), 7.077.18 (m, 6H), 6.676.70 (app t, 1H,J = 7.3 Hz),
6.54-6.56 (d, 2H,J = 7.5 Hz), 5.09-5.10 (d, 1H,J = 6.8 Hz),
4.69-4.70 (d, 1H,J = 5.0 Hz), 4.49 (br s, 1H), 2.33 (br s, 1H).
13C NMR (CDCk) o: 146.3, 139.5, 138.0, 128.7, 127.9, 127.8,
127.6,127.5,127.2,126.1, 117.5, 113.5, 76.7, 63.2. NMR spectral
data are consistent with that in the literatétéR (Nujol): 3345,
3255, 1601, 1057, 752, 690, 624 tmHRMS (ESI,m/z) calcd
for CyoH20NO (M + H)* 290.1545, found 290.1552.

Synthesis of 49Prepared as per procedure A usth(p8.7 mg,
0.138 mmol),48 (141 uL, 1.38 mmol), andl8 (103.3 mg, 0.69
mmol). The reaction was stirred for 20 h. Column chromatography
of the reaction mixture (C§Cl,, R; 0.6) yielded49 (153 mg, 85%)
as a pale yellow 0ifH NMR (CDCl) 6 7.37=7.40 (m, 2H), 7.24
7.30 (m, 5H), 6.9%6.96 (m, 2H), 4.854.88 (app t, 1HJ = 6.5
Hz), 3.89-3.98 (m, 2H), 3.87 (s, 3H), 2.12 (br s, 1HJC NMR
(CDCly) 6: 156.4,134.2,131.6, 128.4, 128.3,127.9, 126.7, 126.6,
120.3,110.4, 64.1, 55.2, 48.8. IR (neat): 3429, 2937, 1584, 1491,
1246, 1026, 739 cmt. HRMS (ESI,nV2) calcd for GsHi60:NaS
(M + Na)* 283.0769, found 283.0769.

Synthesis of 51Prepared as per procedure A usth(p8.7 mg,
0.138 mmol),50 (143 uL, 1.38 mmol), andl9 (103.3 mg, 0.69
mmol). The reaction was stirred for 20 h. Column chromatography
of the reaction mixture (C§Cl,, R 0.2) yielded51 (146 mg, 82%)
as a pale yellow oitH NMR (CDCl) 6 7.31-7.40 (m, 7H), 6.95
6.97 (d, 2H,J = 6.0 Hz), 4.55-4.57 (d, 1HJ = 11.5 Hz), 4.5+
4.53 (dd, 1HJ = 4.0, 9.0 Hz), 4.344.36 (d, 1H,J = 11.5 Hz),
3.85 (s, 3H), 3.753.79 (dd, 1H,J = 9.0, 11.5 Hz), 3.623.65
(m, 1H), 2.31 (br s, 1H}:3C NMR (CDCh) o: 159.6, 138.0, 130.4,
128.4,128.3,127.9, 127.8, 114.1, 81.7, 70.5, 67.4, 56.3. IR (neat):
3435, 2932, 1610, 1512, 1247, 1099, 1034, 832, 698'cHiRMS
(ESI, m/2) calcd for GgHig0sNa (M + Na)t 281.1154, found
281.1160.
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