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The three stereoisomers of the 6,13-bis(thymidinyl)dioxocy@avere synthesized through photoreaction of
the chromium alkoxycarbene compand 1-(benzyloxycarbonyl)-4,4-dimethd-imidazoline. The molec-
ular structure ofR,9-6 was elucidated by X-ray crystallography.

Introduction o
CH; ‘BuJ\a (CO);Cr=<CHS o | RO coyc =<CH3
Fourteen-membered 1,4,8,11-tetraaza macrocycles (cyclarr(co’v*C'=<0NM 0~ W2
and their 5,7-diones (dioxo cyclams) play important roles a ! ! Bu (ph
ligands in catalysis as well as in metal complexation chemis o O§(0
try.1> Recently, Hegedust al have found an unusual and . Oib/ N hv
efficient route for the synthesis of the related 1,4,8,11-tet 0 i_@
raaza 5,12-dions, which involves the acid-catalyzed cleav OTBDMS boc
age/dimerization of azapenams produced by the photc H /
. . . S RO N H, RO N
chemical cycloaddition reaction between N-protected imida: ’
zolines and chromium (alkoxy)carbene compléxFhis o 4N Pd/C o 3N

route has the potential to afford cyclams that are not avail
able by other synthetic methods. The utility of this method l camphorsulfonic acid
has been demonstrated in the synthesis of optically activ
dioxocyclams by employing optically active imidazolifes.
However, optically active chromium carbene complexes ROX :\}< _ NeBHCN R">t :2<
have not been attempted in the synthesis of optically activ R ox
dioxocyclams having substituents at the 6- and the 13-pos.
tion. Scheme 1The synthetlc route for the cyclarr&as
Interesting and novel properties have been found for
supramolecular complexes in which interacting componentprotected azapenarsvas high (80%), but a diastereomeric
are associated by non-covalent interacti8niucleosides mixture was obtained. The best yield resulted by using
are good candidates for components interacting by hydrogeslightly less than one equivalent of the imidazoline. Excess
bonding! Here we report the synthesis and photochemicalmidazoline appeared to induce side reactions with the car-
reaction of the chromium carbene complex that has a thymbene complex. Each diastereomer was found to exist as a
dine moiety as the alkoxy substituent at the carbene carbormixture of rotomers about the amide bond.
The benzyloxycarbonyl (BOC) group was removed
Results and Discussion readily at room temperature by Pd-catalyzed hydrogenolysis
reaction in the presence of triethylamine to give free azape-
The dioxocyclamss were synthesized as a mixture of nams4. The formation of hexahydrodiazepinones has been
diastereomers through the route shown in Scheme 1. Thabserved under acidic conditioh3he virtual 1 : 1 ratio of
chromium (pivaloyl)oxycarbene complexwas generated the diastereomers was clearly determined!Hdy NMR,
by the reaction of pivaloyl chloride and pentacarbo-although separation was not feasible.
nyl[methyl{(tetramethylammonio)oxy}carbenelchromium(0). = The 14-membered cyclic compounBlsnvere formed in
The pivaloyloxy group was substituted by the thymidinealmost quantitative yield by treatment of the free azapenams
derivative for which the secondary hydroxy group was pro-4 with camphorsulfonic acid. All three possible diastere-
tectedwith the tert-butyldimethylsilyl (TBDMS) group to omers were produced with insignificant selectivitiR,R-
give the alkoxycarbene compl&x 5:(5,9-5: (R,9-5=3: 3: 4. Interconversion between dias-
A dichloromethane solution of carbene comfeand 1-  tereomers has been known for the methoxy analogues to
(benzyloxy)carbonyl-4,4-dimethyz-imidazoline in a Pyrex give the centrosymmetric isomer in high yield by crystalliza-
tube was irradiated under CO pressure (80 psi) with dion under acidic conditiorfsOnly slow decomposition to
medium-pressure mercury lamp. The combined yield of N-unidentified polar species was observed in a similar attempt
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with 5 to obtain one isomer as the predominant product. For
tunately, however, separation &,§-5 from the mixture of
(R,R-5 and §,9-5 was achieved by conventional column
chromatography on silica gel.

/z\: R% WOR R%
RO OR — —N OR

(RR)% (5.5)-5 (RS);

Reduction of5 with sodium cyanoborohydride gave the @
dioxocyclamsb. In CDCE solution R,S-6 exists as two dis- . &
tinct conformers in about 7 : 3 ratio, as evidenced by dou g\\@
bling of all peaks in théH and*C NMR spectra. However,
only one set of resonance peaks was observed fitaed
13C NMR spectra for each of thR )R- and the §,3-isomer.  Figure 1.The molecular structure oR(S-6.

The stereochemistry oR(3-6 was confirmed by X-ray dif-
. . . : | Bond Lengths (A Angl
fraction analysis: Details of the X-ray data collection andTable 2 Selected Bond Lengths () and Angles (deg) Rafk6

structural refinement are presented in Table 1. The molecf=(1)-O(3) 1.446(5) C(1)-C(11) 1.501(7)
lar structure and atom-numbering schemes are given in Fig=(1)-C(2) 1.545(6) C(1)-C(10) 1.555(6)
ure 1. Selected bond lengths and angles are given in Table §(2)-O(1) 1.245(5) C(2)-N(2) 1.329(6)
Notable features of the crystal structure are the unsymmetr©(3)-N(2) 1.469(5) C(3)-C(47) 1.533(6)
cal interactions of the two thymidine units. One is interact-C(3)-C(48) 1.537(6) C(3)-C(4) 1.541(6)
ing in an intramolecular fashion through hydrogen bondingC(3)-N(3) 1.471(6) CE)-NE) 1.453(6)
between N(8) and O(1) (2.942 A) while the other is interact-C(5)-C(6) 1.532(7) C(6)-C(8) 1.428(5)
ing with another molecule through hydrogen bondingC(6)-C(28) 1.539(7) C(6)-C(7) 1.545(7)
between N(6) and O(2) (2.849 A). C(7)-0(2) 1.249(5) C(7)-N(4) 1.341(6)
C(®)-N(4) 1.480(6) C®)-C5)  1.523(7)
Experimental Section C(8)-C(46)  1.528(7) C(8)-C(9) 1.540(7)
C(9)-N(1) 1.481(6) C(10)-N(1)  1.459(6)
General. If not otherwise stated, all NMR spectra were
0(3)-C(1)-C(11) 112.9(3) 0@)-C(1)-C(2)  108.6(3)
_ C(11)-C(1)-C(2) 112.2(4) 0(3)-C(1)-C(10)  101.0(3)
Table 1 Crystallographic Data foR,9-6 C(11)-C(1)-C(10) 112.6(4) C(2)-C(1)- C(10) 108.9(4)
molecular formula GeHsaNgO12Sh O(1)-C(2)-N(2) 124.5(4) O(1)-C(2)-C(1) 121.5(4)
formula weight 1021.41 N@)-C(2)-C(1) 113.9(4) N(2)-C(3)-C(47)  109.6(4)
crystal system monoclinic N(2)-C(3)-C(48) 106.0(3) C(47)-C(3)-C(48) 109.5(4)
space group P2; N(2)-C(3)-C(4) 111.7(4) C(47)-C(3)-C(4) 108.8(4)
a A 15.7177(2) C(48)-C(3)-C(4) 111.2(4) N(3)-C(4)-C(3)  115.3(4)
b, A 11.6221(2) N(3)-C(5)-C(6) 110.5(4) 0(8)-C(6)-C(5)  103.5(3)
¢, A 18.0412(3) 0(8)-C(6)-C(28) 112.8(4) C(5)-C(6)-C(28)  110.8(4)
B, deg 115.3390(10) 0(8)-C(6)-C(7) 111.1(4) C(5)-C(6)-C(7)  107.6(4)
v, A 297857 C(28)-C(6)-C(7) 110.7(4) 0(2)-C(7)-N(4)  124.5(4)
z 2 0(2)-C(7)-C(6) 118.2(4) N(4)-C(7)-C(6)  117.2(4)
Goatca g CNT2 1.139 N(4)-C(8)-C(45) 109.8(4) N(4)-C(8)-C(46)  106.4(4)
crystal dimens, mf 0.16x% 0.45x 0.55 C(45)-C(8)-C(46) 110.6(4) N(4)-C(8)-C(9) 110.6(4)
temp, K 163(2) C(45)-C(8)-C(9) 109.0(4) C(46)-C(8)-C(9)  110.4(4)
radiation, A 0.71073 N(1)-C(9)-C(8) 112.2(4) N(1)-C(10)-C(1)  113.4(4)
linear abs coeff, cr 0.119
frange, deg 1.251t0 23.25
no. of data collcd 13912 recorded in CDGlat 300 MHz fofH and 75.5 MHz fot*C.
no. of unique data 8206 Chemical shifts are given thppm relative to CDG(d77.2,
no. of params refined 631 13C) or CHC} (0 7.26,'H) which is present as an impurity in
GOF 1.104 CDCls used. IR spectra were recorded on a Perkin-Elmer
R(F)* 0.0540 1600 series FT-IR.
Ru(F)° 0.1543 The following chemicals were prepared according to

AR = 3| |Fo| - Foll/ Z|Fol. PR ZW(|Fo| - Fel)2/ ZW|Fo[A Y2 literature procedures: pentacarbonyl[methyl{(tetramethy-
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lammonio)oxy}carbene]chromium(@3, 1-(benzyloxycar- 6.34/6.29 (ddJ, = 8.1 Hz,J, = 6.0 Hz/J, = 7.5 Hz,J, = 6.6
bonyl)-4,4-dimethylA%-imidazolinel® and the TBDMS- Hz, 1H), 4.76/4.71 (s, 1H), 4.47-4.36 (m, 1H), 4.02-3.65 (m,
protected thymidiné# 3H), 3.08/2.62 (dJ = 11.4 Hz, 2H), 2.36 (br s, 1H), 2.28-
Chromium Carbene Complex 2 Pentacarbonyl[methyl 1.97 (m, 2H), 1.93 (s, 3H), 1.56/1.09 (s, 6H), 1.33 (s, 3H),
{(tetramethylammonio)oxy}carbene]Jchromium(0) (583 0.87 (s, 9H), 0.06 (s, 6H}*C NMR §175.0, 174.9, 164.2,
mg, 1.89 mmol) was dissolved in dry €2k (15 mL) under  164.1, 150.6, 135.9, 135.8, 111.1, 111.0, 90.1, 89.9, 86.4,
an argon atmosphere, and the solution was coolegieC. 86.3,85.4,85.1,77.7,72.5,65.4,65.3,62.1, 61.4,41.5,41.4,
Pivaloyl chloride (0.23 mL, 1.9 mmol) was added dropwise,25.8, 25.0, 21.9, 18.1, 15.3, 14.5, 12.8, 124646,-4.53,
and the resulting suspension was stirred6it °C~—25 °C -4.64; IR (NaCl)v 3350 (NH), 1755 (C=0), 1696 (C=0),
over 3 h. The suspension was cooled agait6®°C and a 1684 (C=0). Anal. Calcd for £H40N4OsSi: C, 56.67; H,
solution of the TBDMS-protected thymidine (565 mg, 1.727.94; N, 11.01. Found: C, 56.47; H, 7.88; N, 10.86.
mmol) in dry CHCI, (5 mL) was added through a cannula, Unsaturated Dioxocyclam 5 The free azapenam
and the resulting suspension was stirree6f °C~25 °C (225 mg, 0.442 mmol) and racemic camphorsulfonic acid
over 15 h. The suspension was diluted with.Clk(60 mL), (27 mg, 0.12 mmol) were dissolved in dry £ (10 mL),
washed with HO (40 mLx 2) and brine (40 mL), dried over and the resulting solution was stirred at’@5for 24 h. The
MgSQy, and the solvent was evaporated to yield a gunsolution was diluted with C¥l, (50 mL), washed with
which was chromatographed on silca gel (1/1 ethyl acetatelqueous 5% NaHCG{20 mL) and brine (20 mL), and dried
hexane, R= 0.69) to give 562 mg (0.978 mmol, 57%) of over MgSQ. The solvent was evaporated to give 216 mg
complex2 as yellow-orange solidH NMR §9.08 (br s, 1 (0.212 mmol, 96%) of a mixture which appeared as two
H, NH), 7.11 (s, 1H), 6.27 (dd; = 6.6 HzJ, = 6.3 Hz, 1 H),  spots (ethyl acetate; R 0.66 and 0.52) on TLCR(S-5: *H
5.02 (br m, 2H), 4.56 (br s, 1H), 4.30 (br, s, 1H), 3.02 (s, ANMR (two conformers, a/b ~ 7/3)9.33(b)/9.32(a) (br s, 2
H), 2.32 (m, 2H), 1.90 (s, 3H), 0.91 (s, 9H), 0.109 (s, 3H),H), 9.08(b)/8.50(a) (s, 2H), 7.89(a)/7.72(b) (s, 2H), 7.66(a)/
0.105 (s, 3H)!3C NMR §361.1, 223.0, 216.4, 163.8, 150.4, 7.62(b) (s, 2H), 6.40(b)/6.27(a) (dd,= 7.5/6.6 Hz,), = 6.4/
135.5, 111.7, 85.6, 84.2, 71.6, 40.6, 25.9, 18.1, ¥2.46, 6.6 Hz, 2H), 4.79(b)/4.42(a) (br s, 2H), 4.10(a)/3.95(b) (br s,
-4.76. IR (NaCl)v 2064 (C=0), 1932 (C=0), 1693 (C=0) 2H), 3.90-3.70 (m, 4H), 3.60-3.20 (m, 4H), 2.30-2.05 (m, 4
cnrl, H), 1.92(a)/1.90(b) (s, 6H), 1.54/1.51/1.47 (s, 12H), 1.22 (s,
BOC-Protected Azapenam 3 The chromium carbene 6H), 0.87 (s, 18H), 0.088(b)/0.072(a)/0.063(a)/0.054(a) (s,
complex2 (340 mg, 0.592 mmol) and 1-(benzyloxycarbo- 12H).13C NMR 9 169.0(a)/168.5(b), 167.9, 164.3, 150.6(b)/
nyl)-4,4-dimethylA%-imidazoline (137 mg, 0.589 mmol) 150.5(a), 135.6(a)/136.0(b), 110.9(b)/110.8(a), 86.9(b)/86.4(a),
were dissolved in dry and degassed:Clkl(30 mL), and the  85.9(a)/85.2(b), 80.2(a)/80.1(b), 73.1(b)/72.7(a), 70.6(b)/
resulting yellow-orange solution was irradiated at@3n a  69.7(a), 65.9(b)/65.6(a), 53.8(a)/53.7(b), 41.3(b)/41.2(a),
Pyrex tube under CO (80 psi). After 16 h the resulting light25.9(b)/25.8(a), 25.2(b)/25.0(a), 24.8(a)/24.7(b), 24.4,
brown solution was concentrated and chromatographed oi8.1(a)/18.0(b), 12.8(b)/12.2(a)4.52(a)/-4.59(b)/4.69(a)/
silica gel (1/1 ethyl acetate/hexane,=R0.45) to give 306 -4.72(b). IR (NaCly 3198 (NH), 1688 (C=0), 1678 (C=0)
mg (0.476 mmol, 80.3%) of a mixture of 4 rotomers of 1: 1cnrl (R,R-5 + (S,9-5: *H NMR 4 9.12/9.01 (br s, 2H),
diastereomeric mixture as a white sofitl NMR 6 8.83/  7.91/7.77 (s, 2H), 7.73/7.65 (s, 2H), 7.59/7.50 (s, 2H), 6.37/
8.77/8.74/8.73 (br s, 1H, NH), 7.56/7.49/7.41/7.33 (s, 1H)6.29 (dd,J, = 6.6/6.6 Hz,), = 6.9/6.9 Hz, 2H), 4.62/4.42 (br
7.37-7.32 (m, 5H), 6.40-6.23 (m, 1H), 5.32-5.00 (m, 3H),m, 2H), 4.02/3.97 (br dl =2.7/2.1 Hz, 2H), 3.80-3.35 (m, 8
4.49-4.25 (m, 1H), 4.05-3.67 (m, 3H), 3.53-3.14 (m, H),H), 2.30-2.05 (m, 4H), 1.91 (s, 6H), 1.52/1.51 (s, 6H), 1.39/
2.30-2.00 (m, 2H), 1.96/1.93/1.88/1.86 (s, 3H), 1.63/1.621.37/1.35/1.34 (s, 12H), 0.88 (s, 18H), 0.082/0.076 (s, 12H).
1.61 (s, 3H), 1.34/1.26/1.22/1.20/1.19/1.17 (s, 6H), 0.87 (s'*C NMR ¢ 168.8, 167.7/167.0, 164.1/163.8, 150.5/150.4,
9H), 0.077/0.074/0.059/0.052/0.043/0.033 (s, 6H) IR (NaCl)136.5/135.7, 111.2/110.9, 86.4/86.3, 85.8/85.0, 81.1/80.7,
v 3201 (NH), 1778 (C=0), 1696 (C=0). Anal. Calcd for 73.0/72.6, 68.2/67.9, 65.3/64.7, 54.3/54.2, 41.2/41.1, 25.9,
CaHaeN4OsSi: C, 59.79; H, 7.21; N, 8.72. Found: C, 59.72; 26.1/25.6, 25.5/25.2, 23.1/21.8, 18.1, 12.9/12:3,45/
H, 7.08; N, 8.54. -4.54(-4.59F4.65. IR (NaCl)v 3191 (NH), 1688 (C=0)
Azapenam 4 The BOC-protected azapena685 mg, cnrl
1.07 mmol) was dissolved in degassed MeOH (30 mL). 10% Dioxocyclam 6 The unsaturated dioxocyclad (176
Pd in carbon powder (303 mg) and triethylamine (0.5 mL)mg, 0.172 mmol), NaB¢CN (23 mg, 0.37 mmol), and a
were added, and the resulting suspension was stirred@t 25 small amount of bromocresol green were dissolved in 1:1
under B (55 psi). After 2 h the suspension was filtered MeOH/CHCI; (4 mL). HCI/MeOH (0.9 N) was added drop-
through Celite, and the solvents were evaporated to give 57ABise to the cooled (&) blue solution until the yellow-green
mg of crude products, which was chromatographed on silicaolor remained, and the resulting solution was stirred at 0
gel (ethyl acetate, {R= 0.45) to give 410 mg (0.806 mmol, °C~25°C for 24 h. HCI/MeOH (0.9 N) was added, and the
75.4%) of a colorless gum. The gum was crystallized at 2%esulting yellow solution was stirred for 30 min to destroy
°C from hexane and a small amount of xCH to give 336 NaBH:CN unreacted. Aqueous 5% NaOH was added until
mg (0.661 mmol, 61.7%) of a 1: 1 diastereomeric mixturethe solution turned to blue. The solvents were evaporated,
as white solid*H NMR 69.19 (br s, 1H), 7.53/7.51 (s, 1H), and the resulting residue was dissolved in@CH(30 mL).
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The solution was washed with,® (20 mL) and brine (20 dine moiety as the alkoxy substituent at the carbene carbon,
mL), and dried over COs. The solvent was evaporated to was synthesized. Its photochemical cycloaddition reaction
give 101 mg (0.0989 mmol, 57%) of a white solid, which with an achiral imidazoline produced the corresponding aza-

was recrystallized from hexane and a small amount openams3 in good yield. The unsaturated dioxocyclams
CH.Cl; to give 77 mg (0.075 mmol, 44%) of white micro were formed by dimerization of the free azapedanmsig-

crystals. R,9-6: *H NMR (two conformers, a/b ~ 7/3)

nificant stereoselectivity was observed in the photochemical

9.85 (br s, 2 H), 7.20(a)/7.15(b) (s, 2H), 7.11(a)/6.85(b) (scycloaddition as well as in the dimerization. However, the

2H), 6.11(a)/6.03(b) (ddk = 6.3/6.6 Hz,J, = 6.6/6.6 Hz, 2

unsaturated dioxocyclanR(§-5 was separated from the

H), 4.30 (m, 2H), 3.91 (m, 2H), 3.73-3.45 (m, 4H), 3.45- other isomers. The molecular structure of the dioxocyclam
3.25/2.80-2.60 (m, 8H), 2.20-2.10 (m, 4H), 1.88(a)/1.86(b)(R,9-6 was determined by X-ray crystallography.
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Supplementary Material Available. Tables of crystal
data, atom coordinates, bond lengths and angles, and aniso-

(R,R-6 + (S,9-6: *H NMR 69.35 (br s, 2 H), 7.59/7.42 (s, tropic displacement parameters fB;,$-6 (7 pages). Order-

2H), 7.33/7.11 (s, 2H), 6.26/5.89 (dH,= 6.3/6.0 HzJ, =
6.9/6.6 Hz, 2H), 4.65/4.32 (br m, 2H), 3.97/3.85 (m, 2H),
3.75-3.35 (m, 4H), 3.30/3.13 @@= 12.0/11.1 Hz, 2H), 2.90-
2.60 (m, 4H), 2.40-1.95 (m, 8H), 1.91/1.90 (s, 6H), 1.40/
1.33/1.32/1.30/1.26/1.16 (s, 18H), 0.88/0.87 (s, 18H), 0.067

(s, 12H).1C NMR ¢ 171.6/171.5, 163.9, 150.3/150.1, 1.

137.3/135.7, 111.0/110.9, 87.9, 86.2/85.5, 80.3/79.7, 73.0/

70.8, 63.9/62.7, 59.5/58.9/58.7, 53.9/53.6, 40.9/40.2, 27.2/2.

26.4/24.5/24.2, 25.9, 19.4/19.3, 18.12/18.07, 12.8/12.6,
-4.47F4.53F4.65. IR (NaCl)v 3193 (NH), 1692 (C=0)
cmr, Anal. Calcd for GgHgaNsO12Six: C, 56.44; H, 8.29; N,
10.97. Found: C, 56.49; H, 8.24; N, 11.01.

X-ray Structure Analysis of (R,§-6. Crystals of R,S-

5.
6 were grown from a CiCl-MeOH-hexane solution at g
7

room temperature. Diffraction data were collected by
employing graphite-monochromated Mo 4 Kradiation

(A =0.71073 A) at 163 K. A total of 13912 reflections were 8.

measured over the following ranges: 2:5@6 < 46.50,

-16<h<17,-12<k<12,-19<1 < 20. The crystallo- 9

graphic data and additional details of data collection are

summarized in Table 1. The structure was refined by full-10-

matrix least-squares methods. All the non-hydrogen atoms
were refined anisotropically. The final cycle of refinement 1
led to theR indices listed in Table 1.

12.
13.
14.

Conclusion

A novel chromium carbene compl2xwhich has a thymi-

4.

ing information is given on any current masthead page.
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