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Figure 1. Solid-state conformation of 6a from single-crystal X-ray 
analysis. 
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Figure 2. Model for radical addition to chiral alkenes. 

The main isomer 6a gave crystals (from hexane, mp = 91-92 
0C), on which a single-crystal X-ray analysis was carried out.16 

The structure for isomer 6a is presented in Figure 1, and exam
ination of the structure indicates that the new stereogenic center 
has been formed with the R configuration. Because of the different 
priorities of the n-butyl and tert-buty\ groups in structures 4 and 
6, the major adduct formed in the radical addition to both 1 and 
2 is the result of addition from the analogous face of both alkenes 
(see structures 5a and 6a) even though the configuration of the 
newly formed centers is different. The ratio of products 6a:6b 
is 16:1 at 110 0C, and at 20 0C, the ratio is 6a:6b = 40:1. 

The diastereoselectivity observed for radical addition to 1 and 
2 can be understood by the model shown in Figure 2. The 
dimethylpyrrolidine auxiliary fixes the dimethyl groups of the 
auxiliary relative to the alkene faces by virtue of the favored 
conformation as shown about the carbonyl C-C0 bond and the 
C2 axis of the pyrrolidine group. In fact, molecular mechanics 
calculations suggest that the conformation about the carbonyl 
C-Ca bond shown in Figure 2 is favored by over 3 kcal/mol over 
the other planar conformation possible in which the carbonyl 
oxygen and amide nitrogen have exchanged positions. The nu-
cleophilic radical has a required approach to the olefin on a vector 
over the pyrrolidine, and this sterically protects one face of the 
olefin from addition. In support of the model, we note that 
addition of hexyl radical to the end of 1 remote from the amide 
occurs without significant diastereoselectivity. That steric effects 

(16) Space group Pl1; a = 3.678 (10) A; b = 17.575 (10) A; c = 6.253 
(5) A;/?= 106.78 (5)°; V= 1018.1 A3; Z = 2; paM = 1.098 g cm"3; ^(Cu 
Ka) = 4.77 cm"'. Tables of parameters, bond lengths and angles, and ob
served and calculated structure factors are available from the Cambridge 
Crystallographic Data File and as supplementary material. 

are important in the selectivity observed is also suggested by the 
fact that the bulky rerr-butyl radical gives higher selectivities than 
the smaller n-hexyl radical. 

The observation of significant selectivities in radical additions 
to unsaturated amides with C2 symmetry auxiliaries opens the 
possibility for the use of free radicals in the construction of 
stereogenic centers with defined configuration. The success 
achieved by the use of sterically hindered radicals in these additions 
is noteworthy since construction of structures of this type by 
carbanionic alkylation procedures would be particularly difficult. 
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We have recently reported the preparation and some aspects 
of the fundamental reaction chemistry of monosubstituted cis-
aryldiazenes, Cw-NH=NR (R = aryl group).1,2 These are simple 
but significant molecules because they are often invoked as reactive 
intermediates in a wide range of organic transformations (that 
usually involve loss of dinitrogen)3,4 and are thought to be ubi
quitous reactive metabolites responsible (as alkylating agents) for 
the carcinogenic activity often found in molecules containing the 
diazo functionality.5 

Thus far our synthetic approach, entailing the displacement 
of CW-NH=NR from [franj.rrfl/w-W(NH=NR)(CO)2(NO)-
(PPh3)2

+] [PF6"] by bromide ions, has been limited to the prep
aration of ary/diazenes because the key tungsten complex is 
prepared by a 1,1-insertion reaction of an aryldiazonium cation 
into the W-H bond of /ra«s,f/ww-W(H)(CO)2(NO)(PPh3)2 (I),6 

and simple non-aryl diazonium salts (RN2
+, R = H, alkyl) are 

unstable. Herein we report that a route to cw-methyldiazene has 
been developed, involving selective oxidation of methylhydrazine 
coordinated to a tungsten complex, that provides the first synthetic 
entry to cis-monosubstituted diazenes that contain an alkyl group. 

(1) Smith, M. R., Ill; Hillhouse, G. L. J. Am. Chem. Soc. 1988, UO, 4066. 
(2) Smith, M. R., Ill; Hillhouse, G. L. J. Am. Chem. Soc. 1989, / / / , 3764. 
(3) (a) Kosower, E. M. Ace. Chem. Res. 1971, 4, 193. (b) Kosower, E. 

M.; Huang, P. C. J. Am. Chem. Soc. 1968, 90, 2367. 
(4) (a) Cram, D. J.; Bradshaw, J. D. J. Am. Chem. Soc. 1963, 85, 1108. 

(b) Huyser, E. S.; Wang, R. H. S. J. Org. Chem. 1968, 33, 2901. (c) Szmant, 
H. H.; Roman, M. M. J. Am. Chem. Soc. 1966, 88, 4034. (d) McFadyen, 
J. S.; Stevens, T. S. J. Chem. Soc. 1936, 584. (e) Nickon, A.; Hill, A. S. J. 
Am. Chem. Soc. 1964, 86, 1152. (f) Bumgardner, C. L.; Martin, K. H.; 
Freeman, J. P. Ibid. 1963, 85, 97. (g) Doldouras, G. A.; Kollonitsch, J. Ibid. 
1978, 100, 341. 

(5) Miyadera, T. Biological Formation and Reactions of Hydrazo, Azo and 
Azoxy Groups. In The Chemistry of the Hydrazo, Azo and Azoxy Groups 
(Part 1); Patai, S., Ed.; Wiley: New York, 1975; p 495 ff. 

(6) Hillhouse, G. L.; Haymore, B. L. Inorg. Chem. 1987, 26, 1876. 
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Reaction of 1 with [Ph3C
+][PF6-] (-78 0C, CH2Cl2) gives 

triphenylmethane and yellow crystals of transjrans-'Wiri1-
FPF5)(CO)2(NO)(PPh3)^ (2) in high yield (the synthetic route 
is shown in Scheme I).7 2 is spectroscopically similar to the known 
neutral complexes W(X)(CO)2(NO)(PPh3)2 (X = unidentate 
anion),6 and the weakly coordinated hexafluorophosphato ligand8 

of 2 is cleanly displaced by methylhydrazine (20 0C, CH2Cl2) to 
give a yellow salt, [rran.r>frtJ».r-W(NH2NHMe)(CO)2(NO)-
(PPh3J2

+] [PF6"] (3), almost quantitatively. Oxidations of coor
dinated hydrazines to give corresponding diazene ligands 
(NR=NR; R = H, alkyl, aryl) have been reported, with steric 
factors apparently determining whether the oxidation proceeds 
to afford cis- or rrans-diazene geometries.9 We find that 
treatment of CH2Cl2 solutions of 3 with Pb(OAc)4 at -20 0C 
results in selective oxidation of the methylhydrazine ligand to give 
yellow-orange [trans,trans- W(NH=NMe)(CO)2(NO)-
(PPh3)2

+] [PF6"] (4) in good yield. Other reagents commonly used 
to oxidize hydrazines, such as HgO, H2O2, and MnO2, were 
ineffectual in carrying out the 3 —>• 4 transformation. 1H and 31P 
NMR data clearly indicate that the methyldiazene ligand of 4 
is formed as a single geometrical isomer, assigned as cw-NH= 
NMe on the basis of a 5% enhancement of the Ni/ resonance (5 
12.71, br s, CD2Cl2) on irradiation of the NCZZ3 signal (5 2.62, 
d, VHH = 1.5 Hz) in a 1H NMR NOE difference spectrum, and 
by a single-crystal X-ray diffraction study of 4. l tu l 

The solid-state molecular structure of 4 is an interesting one; 
a perspective view of the complex cation and salient metrical 
parameters for the methyldiazene ligand are shown in Figure 1. 
The ligands of 4 are arranged in a pseudooctahedral fashion about 
the W atom. Steric constraints imposed by the bulky octahedral 
metal center are probably responsible for the observed cis-
NH=NMe geometry as this allows for an E disposition of W with 
respect to the diazenyl methyl group. 4 is the first structurally 
characterized monosubstituted alkyldiazene complex, and it differs 
in two key ways from structurally well established NH=NR (R 

(7) See the supplementary material for experimental details and spectral 
and analytical data. 

(8) Examples of related complexes containing weakly bound 
"noncoordinating" anions: (a) Hersh, W. H. J. Am. Chem. Soc. 1985, 107, 
4599. (b) Honeychuck, R. V.; Hersh, W. H. lnorg. Chem. 1987, 26, 1826. 
(c) Reference 6. 

(9) (a) Ackermann, M. N.; Willett, R. M.; Englert, M. H.; Barton, C. R.; 
Shewitz, D. B. J. Organomet. Chem. 1979,175, 205. (b) Ackermann, M. N.; 
Dobmeyer, D. J.; Hardy, L. C. Ibid. 1979, 182, 561. (c) Sellmann, D.; 
Gerlach, R.; Jodden, K. Ibid. 1979, 178, 433. (d) Sellmann, D.; Jodden, K. 
Angew. Chem., Int. Ed. Engl. 1977, 16, 464. 

(10) Crystal data for 4-Me2C=O-Et2O: monoclinic, PlxIc a = 10.172 
(2) A, b = 23.997 (6) A, c = 19.767 (2) A, & = 96.44 (2)°, V = 4794 (2) 
A*, Z = A, M(MO Ka) = 26.99 cm'1, Z>„lod = 1.493 g/cm3. Data were 
collected (Nicolet R3M, 2$^ = 48°) leading to 4640 independent observed 
(F0 > 5<r(F0)) reflections. Intensity data were empirically corrected for 
absorption. All non-hydrogen atoms were refined anisotropically, while the 
H atoms were placed in idealized positions. The calculated density includes 
three atoms (xs, ys, and zs) that form a highly disordered five-atom group (the 
Et2O of solvation) through inversional symmetry. R(F) = 0.049 and R(wF) 
= 0.050, GOF = 1.21, A/a = 0.043, A(p) = 1.41 e A"3, NJN, = 9.9. 
SHELXTL (5.1) software was used for all computations (G. Sheldrick, Ni
colet XRD, Madison, WI). 

(11) A Cu(I) complex containing 1/Ww-NH=NMe has been reported: 
Ackermann, M. N. Inorg. Chem. 1971, 10, 272. 

Figure 1. Molecular structure and atom numbering scheme for the cation 
of 4-Me2C=O-Et2O. The hydrogen atoms have been omitted for clarity. 
Selected metrical parameters: W-N(2) = 2.215 (9) A, N(2)-N(3) = 
1.330 (16) A, N(3)-C(l) = 1.336 (22) A, W-N(2)-N(3) = 117.5 (9)°, 
N(2)-N(3)-C(l) = 118.5 (17)°. 

= H or aryl)12 complexes: (i) the N(2)—N(3) distance of 1.330 
(16) A is significantly longer than N—N distances found in 
coordinated NH=NH and NH=N—aryl ligands (usually 
ranging from ~1.22 to ~1.26 A)13 and (ii) the N(3)—C(I) 
distance of 1.336 (22) A is shorter ( by >0.1 A) than that expected 
for a typical N—C single bond. Trie relatively large errors as
sociated with these parameters and the lack of other monosub
stituted alkyldiazene structures for comparison make a detailed 
analysis of these differences unwarranted at present. Nonetheless, 
it is noteworthy that, in the presence of a base catalyst such as 
DBU, 4 can be induced to undergo tautomerization to give the 
hydrazone complex [W(NH2N=CH2)(CO)2(NO)(PPh3)2

+];14 

thus 4, with its long N—N and short N—C bonds, appears to 
manifest a structural basis for this facile isomerization. 

Solutions of 4 (CD2Cl2, 5
 0C, anaerobic conditions) react with 

In-Bu4N
+] [Br"] to release the methyldiazene ligand, affording 

f/w*.y,r/ww-W(Br)(CO)2(NO)(PPh3)2 (5)6 (identified by IR and 
31P NMR) and free CW-NH=NMe (6) as shown in Scheme I.7 

The 1H NMR spectrum of 6 exhibits resonances at S 3.87 (d, VHH 
= 1.6 Hz, NH=NCZf3) and 5 15.2 (br, NiZ=NCH3); the UV-vis 
spectrum of 6 shows a weak n —*• ir* absorption at Xma, = 3520 
A.15 The stereochemistry of 6 was inferred from (i) the X-ray 
structure of 4 and (ii) the established stereoselectivity of analogous 
displacements of cw-NH=NR (R = aryl), but this route to 6 
unfortunately does not allow for facile, definitive 15N labeling. 
At 5 0C, 6 undergoes a slow reaction to give N2 and CH4, and 
we are presently probing the details of this decomposition. 

In summary, CW-NH=NMe can be prepared stereoselectively 
at a tungsten center by oxidation of coordinated methylhydrazine 
and then displaced under mild conditions under which the free 
Cw-NH=NMe molecule exhibits moderate stability. This provides 
the first synthetic route to the key cis isomers of monosubstituted 
alkyldiazenes and complements the existing synthetic methodology 
for preparing CW-NH=NR (R = aryl). We are currently ex
ploring the general utility of this reaction sequence in preparing 
other CW-NH=NR from hydrazines. 

(12) (a) Huttner, G.; Gartzke, W.; Allinger, K. Angew. Chem., Int. Ed. 
Engl. 1974,13, 822. (b) Haymore, B. L.; Ibers, J. A. J. Am. Chem. Soc. 1975, 
97, 5369. (c) Ittel, S. D.; Ibers, J. A. Ibid. 1974, 96, 4804. (d) Albertin, G.; 
Antoniutti, S.; Pelizzi, G.; Vitali, F.; Bordignon, E. Ibid. 1986, 108, 6627. 

(13) The N-N distance in [M-N2H2|Ru(PPh3)(dttd))2] is 1.301 (14) A. 
Sellmann, D.; Bohlen, E.; Waeber, M.; Huttner, G.; Zsolnai, L. Angew. 
Chem., Int. Ed. Engl. 1985, 24, 981. 

(14) Hillhouse, G. L.; Smith, M. R., unpublished results. 
(15) For fram-NH=NMe (CH3CN solution): 1H NMR 6 3.87 (d, J ~ 

2 Hz), 15.6 (v br). UV-vis Xmj = 3620 A. Tsuji, T.; Kosower, E. M. J. Am. 
Chem. Soc. 1971, 93, 1992. 
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The creation of hydrogen bonds provides an effective driving 
force for forming molecular complexes in organic solvents.1 When 
several hydrogen bonds can be made during complexation, sub
strates are often oriented within the binding site in geometries 
that maximize hydrogen bonding. When oriented binding in one 
geometry (or at most a few) can be achieved, there is potential 
for highly selective substrate binding. In this communication, we 
describe an enantiomerically pure, C2 host molecule (1) that binds 
donor/acceptor guests by multiple hydrogen bonds. As we will 
show, 1 binds simple amides in benzene and distinguishes both 
energetically and spectrally between certain enantiomeric amides. 
This study describes one of the few synthetic hosts that show a 
measurable difference in its binding energies with enantiomeric 
neutral guests.2 

1aR: 
1bR: 

H 
CH2Ph 

(1) (a) Rebek, J.; Askew, B.; Islam, N.; Killoran, M.; Nemeth, D.; Wolak, 
R. J. Am. Chem. Soc. 1985, 107, 6736. (b) Rebek, J.; Nemeth, D. / . Am. 
Chem. Soc. 1985, 707, 6738. (c) Rebek, J.; Nemeth, D. / . Am. Chem. Soc. 
1986, 108, 5637. (d) Sheridan, R. E.; Whitlock, H. W. J. Am. Chem. Soc. 
1986,108 7120. (e) Rebek, J.; Askew, B.; Ballester, P.; Buhr, C; Jones, S.; 
Nemeth, D.; Williams, K. J. Am. Chem. Soc. 1987,109, 5033. (f) Hamilton, 
A. D.; Van Engen, D. J. Am. Chem. Soc. 1987,109, 5035. (g) Kelly, T. R.; 
Maguire, M. P. J. Am. Chem. Soc. 1987, 109, 6549. (h) Kilburn, J. D.; 
MacKenzie, A. R.; Still, W. C. J. Am. Chem. Soc. 1988,110, 1307. (i) Bell, 
T. W.; Liu, J. J. Am. Chem. Soc. 1988, 110, 3673. (j) Sheridan, R. E.; 
Whitlock, H. W. J. Am. Chem. Soc. 1988, 110, 4071. (k) Askew, B.; Bal
lester, P.; Buhr, C; Jeong, K. S.; Jones, S.; Parris, K.; Williams, K.; Rebek, 
J. J. Am. Chem. Soc. 1989, / / / , 1082. (1) Williams, K.; Askew, B.; Ballester, 
P.; Buhr, C; Jeong, K. S.; Jones, S.; Rebek, J. J. Am. Chem. Soc. 1989, / / / , 
1090. (m) Goswami, S.; Hamilton, A. D.; Van Engen, D. J. Am. Chem. Soc. 
1989, / / / , 3425. (n) Kelly, T. R.; Zhao, C; Bridger, G. J. J. Am. Chem. Soc. 
1989, 111, 3744. 

Synthesis of 1 begins with L-BOC-diiodotyrosine. After con
densation (DCC, HOBt, THF, 76%) with benzylic amine 2 (R 
= SiPh2tBu) to give 3, we used a double Mitsunobu reaction to 
join the phenolic peptide side chain to the diethanolurea 43 and 
deprotected with Bu4NF to provide 5 (39% yield). We then 
converted the benzylic alcohols to bromides (Ph3P, CBr4), removed 
the BOC protecting groups (TFA, CH2Cl2), and carried out an 
alkylative double macrocyclization (iPr2NEt, CH3CN, 2.5 mM, 
reflux) to give la (23-47% yield from 5). Treatment with excess 
BnBr gave lb. 

HOH2C CH2OH 

HpN 

NvJUL.' .OH 

BOCNH 
H 

xn 
X-ray structures of la and lb were determined (see supple

mentary data).4 As with a related meso host,"11 was found in 
two distinct conformations. These conformations differ most 
significantly by the orientation of their bridgehead hydrogens (Ha), 
which may point either away from (la) or in toward (lb) the 
center of the host. Each conformation has an internal cavity which 
is occupied by CH2Cl2 in the crystal. 

In addition to binding donor/acceptor heterocycles such as 
imidazole in organic solvents, lb (~2.0 mM) forms complexes 
with unhindered carboxylic amides in C6D6 (see Table I). Upon 
complexation, the NMR spectra of host and guest undergo major 
changes. For example, with TV-methylacetamide the amide N-H's 
of both host and guest shift downfield by > 1.0 ppm. The acetyl 
methyl undergoes a 0.5-ppm unfield shift, which is compatible 
with its location near a shielding face of an aromatic ring. We 
observed similar shifts in the other amide complexes examined. 
In the case of the A -̂methylacetamide complex, difference NOE 
studies further established proximity of the acetyl methyl with 
both the bridgehead hydrogens (Ha) and the amide N-H's (H0) 
of the host. We also observed a strong intramolecular NOE 
between Ha and Hc. These NMR results are compatible with a 
structure for the complex that is related to the X-ray conformation 
of lb and found by molecular modeling to be as follows. 

To locate low-energy structures of the lb/amide complex, we 
carried out local conformational searches using molecular dy-

(2) Neutral guests: Canceill, J.; Lacombe, L.; Collet, A. J. Am. Chem. 
Soc. 1985, 107, 6993. Pirkle, W. H.; Pochapsky, T. C. J. Am. Chem. Soc. 
1987,109, 5975. Ionic guests: Peacock, S. C; Domeier, L. A.; Gaeta, F. C. 
A.; Helgeson, R. C; Timko, J. M.; Cram, D. J. J. Am. Chem. Soc. 1978,100, 
8190. Prelog, V.; Mutak, S. HeIv. ChIm. Acta 1983, 66, 2274. Davidson, R. 
B.; Bradshaw, J. S.; Jones, B. A.; Dalley, N. K.; Christensen, J. J.; Izatt, R. 
M.; Morin, F. G.; Grant, D. M. J. Org. Chem. 1984, 49, 353. Petti, M. A.; 
Shepodd, T. J.; Barrans, R. E.; Dougherty, D. A. J. Am. Chem. Soc. 1988, 
110, 6825. 

(3) Steele, A. B. U.S. Patent No. 2,847,418, 1958; Chem. Abstr. 1959, 53, 
1382i. 

(4) Chiang, M., to be published. 
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