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that the catalytic activity of the subtilisins in transesterification 1 (and 
probably other reactions in organic solvents) strongly depended on the 
water content of the lyophilized enzymes. Hence, in order to keep the 
water content of different subtilisin preparations constant, the lyophilized 
samples of the subtilisins were placed in a desiccator containing a vessel 
with the saturated aqueous solution of LiCl. The desiccator was evacu
ated and stored at 7 0C for at least 48 h before the enzymes were used. 
Under these conditions the enzymes, exposed to a constant humidity of 
11%,29 exhibit reproducible activities in organic solvents over the period 
of at least 7 days. Porcine pancreatic lipase (specific activity of 11 
triacetin units/mg of solid) was used as a catalyst in organic solvents 
directly without any pretreatment.30 

Chemicals and Solvents. AU the alcohols used in this study, including 
the individual enantiomers of chiral alcohols, were obtained from com
mercial suppliers [except for the R and S enantiomers of sec-{2-
naphthyl)ethyl alcohol, which were obtained by the enzymatic resolution 
of the racemate8] and were of analytical grade or purer. Vinyl butyrate 
(99%+ pure by gas chromatography) was purchased from American 
Tokyo Kasei Co. Butyryl esters of chiral alcohols, used as standards in 
gas chromatographic analyses, were synthesized according to the classical 
methodology.31 Organic solvents employed in this work were either 
purchased in the anhydrous form (in Aldrich Sure/Seal bottles, water 
content below 0.005%) or dehydrated by shaking with 3-A molecular 
sieves (Linde)10 to bring the water content32 below 0.01%. Triethylamine 

(29) Greenspan, L. J. Res. Natl. Bur. Stand., Sect. A 1977, 81 A, # 1 , 
89-96. 

(30) Zaks, A.; Klibanov, A. M. Science 1984, 224, 1249-1251. Hirata, 
H.; Higuchi, K.; Yamashita, T. J. Biotechnol. 1990,14, 157-167. Goldberg, 
M.; Thomas, D.; Legoy, M.-D. Eur. J. Biochem. 1990, 190, 603-609. 

(31) Sonntag, N. O. V. Chem. Rev. 1953, 52, 237-416. 
(32) The water content in organic solvents was measured by the optimized 

Fischer titration: Laitinen, H. A.; Harris, W. E. Chemical Analysis, 2nd ed.; 
Mc-Graw Hill: New York, 1975; pp 361-363. 
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Complexes containing d2 f/wu-dioxometal units exhibit rich 
electrochemistry1"3 and photochemistry.2^4"* By employing 
strongly basic ancillary ligands, we have succeeded in isolating 
the first d1 trans-d\oxo complex, JTWW-[Re0 2 (dmap) 4 ] (PF 6 ) 2 

[dmap = 4-(dimethylamino)pyridine] .6 Analysis of the structure 
of the complex cation shows that there is considerable shortening 
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'Yale University. 
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(1) (a) Pipes, D. W.; Meyer, T. J. Inorg. Chem. 1986, 25, 3256. (b) 

Dovletoglou, A.; Adeyemi, S. A.; Lynn, M. H.; Hodgson, D. J.; Meyer, T. J. 
J. Am. Chem. Soc. 1990, 112, 8989. 

(2) Thorp, H. H.; Van Houten, J.; Gray, H. B. Inorg. Chem. 1989, 28, 889. 
(3) Ram, M. S.; Jones, L. M.; Ward, H. J.; Wong, Y.-H.; Johnson, C. J.; 

Subramanian, P.; Hupp, J. T. Inorg. Chem., in press. 
(4) Winkler, J. R.; Gray, H. B. Inorg. Chem. 1985, 24, 346. 
(5) (a) Che, C-M.; Yam, V. W.-W.; Cho, K. C; Gray, H B. J. Chem. 

Soc., Chem. Commun. 1987, 948. (b) Yam, V. W.-W.; Che, C-M.; Tang, 
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was purified by using the literature procedure.33 

Kinetic Measurements. In a typical experiment, a powdered enzyme 
sample (prepared as described above) was placed in a 7-mL screw-cap 
scintillation vial, followed by an addition of 1 mL of a solvent containing 
vinyl butyrate and an alcohol. Then the vial was closed, subjected to a 
5-s sonication (to homogenize the suspension), placed in a controlled-
temperature shaker, and shaken at 45 0 C and 300 rpm. Periodically, 
0.5-jiL aliquots were withdrawn and assayed by gas chromatography 
(10-m HP-5 capillary column coated with 5% phenyl-/95% methyl-
silicone gum). The reaction rates were determined on the basis of the 
increase in the concentration of the product butyryl esters (e.g., reaction 
1) as a function of time (five to seven data points were usually collected). 

Kinetic Calculations. The values of V/KM (where KM stands for the 
Michaelis constant for the alcohol in the enzymatic transesterification) 
were determined on the basis of the dependencies of the initial rates of 
the enzymatic reactions on the alcohol concentrations (typically, seven 
data points were obtained). Nonlinear regression analysis using the 
software program, Enzfitter, written by R. J. Leatherbarrow and dis
tributed by Elsevier-Biosoft, was employed in all calculations. The en
zyme molarity (needed to convert V/KM into kM/KM) was determined 
from the molecular weight and weight concentrations (mg/mL) of sub
tilisin Carlsberg used in transesterifications and the following correction 
factors:10 the aforementioned 54% purity of the enzyme, the fact that 
only 68% of all subtilisin molecules are catalytically competent in organic 
solvents, and the presence of 40% (w/w) of potassium phosphate salts 
in the lyophilized enzyme samples. Note that any inaccuracies arising 
from these calculations would affect (kal/KM)s and (kM/KM)R to the 
same extent and thus would be inconsequential for our conclusions. 

(33) Sauer, J. C. In Organic Syntheses; Wiley: New York, 1963; Collect. 
Vol. IV, p 561. 

(34) This work was financially supported by Grants GM39794 from the 
National Institutes of Health and CBT-8710106 from the National Science 
Foundation. 

(0.04 A) in the R e - N bond lengths relative to Re(V) analogues,6'7 

but the Re-oxo bond lengths are virtually the same in both ox
idation states (Figure IA) . 8 The structural data confirm that 
an electron is removed from the dxy orbital upon oxidation of 
Re(V), as predicted by the standard ligand field (LF) model for 
axially compressed metal-oxo systems (Figure IB) . 9"" In order 
to examine the electronic structure of the trans-dioxo framework 
more closely, we have measured and analyzed the EPR spectrum 
of f/-aru-[Re02(dmap)4](PF6)2 . 

The EPR spectra of d1 Re(VI) species often are hard to interpret 
because of the extremely large Re hyperfine and quadrupole 
coupling constants associated with tetragonal geometries of this 
ion.12"15 As a result, the spectra exhibit (1) variations in band 

(7) Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds; John 
Wiley and Sons: New York, 1988. 

(8) (ra«-[Re02(dmap)4](PF6)2 was prepared as previously described.6 

Crystal data: ReC28H40N8O2P2F12, M = 996.813, triclinic, space group Pl, 
a = 8.307 (3) A, b = 10.911 (5) A, c = 11.907 (11) A, a = 96.24 (6)°, B = 
108.28 (6)°, 7 = 99.42 (6)°, V= 996.1 (11) A3, Z = 1, da[ai = 1.662 g/cm3. 
Data collection parameters and a summary of the crystal structure analysis 
are provided in the supplementary material. Refinement of atomic positional 
and thermal parameters converged at R = 0.0385 over 3482 reflections with 
/ > 3.0(T(T). 

(9) Ballhausen, C. J.; Gray, H. B. Inorg. Chem. 1962, / ,111. 
(10) Winkler, J. R.; Gray, H. B. Comments Inorg. Chem. 1981, /, 257. 
(11) Gray, H. B.; Hare, C. R. Inorg. Chem. 1962, /, 363. 
(12) Lack, G. M.; Gibson, J. F. J. MoI. Struct. 1978, 46, 299. 
(13) Holloway, J. H.; Raynor, J. B. J. Chem. Soc, Dalton Trans. 1975, 

737. 
(14) Al-Mowali, A. H.; Porte, A. L. J. Chem. Soc, Dalton Trans. 1975, 
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Table I. EPR Data for Axially Symmetric Re(VI) Complexes 

compound Si Sl! A1, cm" ICI. cm_i ref 
[Re02(dmap)4] [PF6J2" 
[Ph4As][ReNCl4]* 
ReOCl4' 
ReOCl4(NCCH3)'' 
ReOCl4(OPCl3)' 
[Ph4As][ReOCl5]' 
[H3O][ReOF5K 

"Frozen 50% aqueous DMSO, 7 K. 
anhydrous HF, 77 K. 

1.91 
1.947 
1.720 
1.732 
1.734 
1.740 
1.74 

'Single crystal, 

-0.031 
-0.0391 
-0.0320 
-0.0315 
-0.0308 
-0.0305 
-0.0500 

HOK. ' Frozen d 

1.83 
1.918 
1.968 
1.970 
1.97 
1.975 
1.72 

oxane, 77 K. 

-0.060 
-0.077 
-0.0630 
-0.0621 
-0.0616 
-0.0609 
-0.0960 

d Frozen CH3NO2, 

0.0075 
0.0047 
0.0020 
0.0020 
0.0019 
0.0020 
0.0045 

this work 
12 
14 
14 
14 
14 
13 

77 K. 'Frozen OPCI3, 77 K. 'Frozen 

(A) 

(B) 
a„(z 2 ) • 

b„(xV) 

es(xz,yz) • 

b2,(xy) -h 
Figure 1. (A) ORTEP diagram of trans-[Re02(dmap)4]

2+ with thermal 
ellipsoids drawn at the 50% probability level showing the atom numbering 
scheme. Selected bond distances (A) and angles (deg): Re-O 1.764 (4), 
Re-Nl 1 2.108 (4), Re-N21 2.120 (5), O-Re-Nl 1 90.0 (2), 0-Re-N21 
90.0 (2), Nll-Re-N21 91.9 (2). (B) LF diagram for r/ww-[ReO2-
(dmap)4]

2+. 

intensities for AAZ1 = 0 transitions, (2) unequal rhenium hyperfine 
spacing, (3) the presence of forbidden features due to AAZ1 = ±1, 
±2 transitions, and (4) intense features at off-axis turning points.12 

Our analysis of the spectrum of fra/w-[Re02(dmap)4]
2+ deals with 

all four of these complexities. 
No signal could be detected for /ra«.s-[Re02(dmap)4](PF6)2 

in CH3CN, methanol, or acetone solutions.16 The EPR of a solid 
(powder) sample gave a single line with (g) ~ 1.91. In an attempt 
to obtain a better spectrum, a dilute (~10 juM) 50% aqueous 
DMSO solution was examined at 7 K (Figure 2A). The large 
A1 is apparent from the two outermost transitions of the parallel 
manifold (labeled a). The A1 is somewhat smaller; the outermost 
transitions of the perpendicular manifold are labeled b. The 
number of lines is greater than the six parallel and six perpen
dicular features expected for an axially symmetric system with 
/ = V2. The extra features arise from AAZ1 = ±1 (e.g., peak c) 
and AA/, = ±2 (e.g., peak d) transitions and their off-axis turning 
points.12"15 The strength of these features is indicative of a large 
quadrupole coupling constant, Q (3Qr/2 for an axially symmetric 

(16) Solvents were reagent grade and Millipore water was used. EPR 
spectra were recorded on a home-built EPR spectrometer equipped with an 
Oxford Instruments ESR-900 liquid helium cryostat. This instrument has 
been described in detail elsewhere: Beck, W. F.; Innes, J. B.; Lynch, J. B.; 
Brudvig, G. W. /. Magn. Reson. 1991, 91, 12. 

5800 

Figure 2. (A) EPR spectrum at 7 K of »ra/u-[Re02(dmap)4](PF6)2 
(~10 MM) in 50% DMSO. Microwave frequency: 9.0505 GHz. 
Modulation frequency: 100 kHz. Modulation amplitude: 10 G. Mi
crowave power: 0.05 mW. (a) Outermost peaks in the parallel manifold. 
(b) Outermost peaks in the perpendicular manifold, (c) AM1 = ±1 
transition, (d) AAf, = ~±2 transition. (B) Simulated spectrum using 
g± = 1.91, A± = 0.031 cm"', g, = 1.83, A1 = 0.060 cm"1, and Q = 
0.0075 cm"1. 

system), which increases the probability of forbidden transitions.15 

In some cases, the forbidden transitions are more intense than 
the allowed transitions. 

A simulation that accounts for all of the major transitions and 
reproduces qualitatively the intensity pattern in the EPR spectrum 
of trans-[Re02(dmap)4]

2+ is shown in Figure 2B.17 The spin 
Hamiltonian parameters are compared with those of related 
Re(VI) complexes in Table I. The order g$ < g± < 2.0023 
accords with the LF splitting diagram of Figure IB.18'19 

In axially symmetric systems where the unpaired electron is 
coupled to a nucleus with a high quadrupole moment such as Re 

(17) The EPR spectrum was simulated by using PROGRAM QPOW, written 
by R. L. Belford, A. M. Maurice, and M. J. Nilges: Nilges, M. J. Ph.D. 
Thesis, University of Illinois, Urbana, II, 1979. Belford, R. L.; Nilges, M. 
J. Computer Simulation of Powder Spectra; EPR Symposium, 21st Rocky 
Mountain Conference, Denver, CO, 1979. Maurice, A. M. Ph.D. Thesis, 
University of Illinois, Urbana, II, 1980. A detailed description of the simu
lation procedure is given in the supplementary material. 

(18) Expressions for e, and g± of Dik trans-[ReO2(L)4I
2+ a r e as follows:4,9 

g± = 2[1 - (C1^ZAf(2B28-
2E8)] and gl = 2[1 - (c,*)34|/AE(2B28-

2B,,)]; 
where | is the spin-orbit coupling constant of the metal, AE is a LF energy, 
and C1* is the coefficient of the LF orbital of the excited state in question. LF 
energies for r/-atts-[Re02(dmap)4]

2+ are estimated to be 25 000 (2B28 —
 2E8) 

and 36 000 cm"1 (2B28 —
 2Bi8).

6" The value of |(Re) is estimated as follows: 
By plotting | versus the charge (z) of the free rhenium ion, a linear relationship 
is obtained:6b | = [540(z) + 1000] cm"'. If we assume that (due to charge 
neutralization effects) the residual charge on rhenium is 2+, then f = 2080 
cm"'. With these values of the LF and spin-orbit parameters, we find C1*-
(d„,d,,) = 0.735 and C1Vd^j) = 0.606, indicating appreciable covalency in 
both the Re-oxo and Re-N bonds. It also is likely that there is significant 
mixing of the b2g (dv) and ir (dmap) levels in [Re62(dmap)4]

2+ (the lowest 
energy electronic transition is dmap -» Re LMCT).6 

(19) The order of g values predicted by the LF model is not observed for 
oxorhenium(VI) chlorides (Table I). In these cases, the order g, > g± is 
attributable to the effect of spin-orbit coupling of a (Cl)4 d -̂symmetry hole 
associated with in-plane ir-bonding between the Re d„ and equatorial ligand 
x-orbitals: Marov, I. N.; Dubrov, Y. N.; Belyaeva, V. K.; Ermakov, A. N. 
Russ. J. lnorg. Chem. 1972, 17, 1396. 



J. Am. Chem. Soc. 1991, 113, 3173-3174 3173 

[C(185Re) = 2.8 x 1024/cm2, 0(187Re) = 2.6 X 1024/cm2], the 
magnitude of Qf reflects the concentration of charge along the 
z axis, which induces a large electric field gradient in the com
plex.15 As evident in Table I, Q generally increases in the order 
ReO4+ < ReN3+ < ReO2

2+. In addition, estimated LF energies 
(dxy —• d„, dyz) increase with g',12-14'18 consistent with an increase 
in ir-bonding on going from monooxo to mononitrido to trans-dioxo 
axial units. Thus the combined spectroscopic evidence emphasizes 
dramatically the strong axially compressed tetragonal ligand field 
associated with the fra/ts-dioxo moiety. 
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Oxazole-containing marine alkaloids,1 first described in 1986 
from nudibranch egg masses2,3 and subsequently from sponges,4-7 

possess significant bioactivities including antifungal, cytotoxic, 
anthelmintic, and tumor-promoting properties. We now report 
hennoxazoles A-D (1-4) from a sponge, Polyfibrospongia sp.8 

(1) Christophersen, C. In The Alkaloids; Brossi, A., Ed.; Academic: New 
York, 1985; Vol. XXIV, pp 25-111. 

(2) Roesener, J. A.; Scheuer, P. J. J. Am. Chem. Soc. 1986,108, 846-847. 
(3) (a) Matsunaga, S.; Fusetani, N.; Hashimoto, K.; Koseki, K.; Noma, 

M. J. Am. Chem. Soc. 1986,108, 847-849. (b) Matsunaga, S.; Fusetani, N.; 
Hashimoto, K.; Koseki, K.; Noma, M.; Noguchi, H.; Sankawa, U. J. Org. 
Chem. 1989,54, 1360-1363. 

(4) (a) Kernan, M. R.; Molinski, T. F.; Faulkner, D. J. J. Org. Chem. 
1988, 53, 5014-5020. (b) Fusetani, N.; Yasumuro, K.; Matsunaga, S.; 
Hashimoto, K. Tetrahedron Lett. 1989, 30, 2809-2812. 

(5) Kato, Y.; Fusetani, N.; Matsunaga, S.; Hashimoto, K. / . Am. Chem. 
Soc. 1986, 108, 2780-2781. 

(6) Fujiki, F.; Suganuma, M. Farumashia 1989, 25, 702-708. 
(7) Adamczeski, M.; Quinoa, E.; Crews, P. J. Am. Chem. Soc. 1988, 110, 

1598-1602. 
(8) The sponge classified tentatively as a species of the genus Polyfi

brospongia (family Thorectidae, order Dictyoceratida) is bowl-shaped with 
a diameter of 10-20 cm and many processes on the surface. It was found 
sporadically on rock walls at a depth of 20-35 m, where underwater currents 
are fairly strong. The names of the compounds are derived from the collection 
site, Agari/ie/mazaki on the island of Miyako, Okinawa, Japan. 

Table I. N M R Data for Hennoxazole A (1) in Acetone-d6 

C 
no. 

1 
2 
3 
3' 
4 
5 
5' 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
OH 

«c 
23.9, q 
99.9, s 
45.7, t 

64.1, d 
41.4, t 

66.3, d 
41.2, t 
73.1, d 

156.1, s 
137.5, d 
142.1, s 
131.2, s 
139.4, d 
165.9, s 
28.4, t 
30.2, t 

129.5, d 
129.9, d 
35.6, t 

132.5, s 
130.8, d 
35.7, d 

136.8, d 
122.7, d 

17.9, q 
21.6, q 
23.3, q 
56.1, q 
47.7, q 

5H (J H Z ) 

1.23, 3 H , s 

1.98, 1 H, ddd (12.6 
1.22, 1 H, t (11.7) 
3.89, 1 H, m 
1.89, 1 H, dtd (12.4, 
1.11, 1 H, q (11.6) 
3.51, 1 H, m 
2.06, 2 H, m 

,4 .6 , 1.6) 

4.5, 2.3) 

4.45, 1 H, dd (7.7, 6.5) 

7.96, 1 H, s 

8.38, 1 H, s 

2.88, 2 H, t (7.5) 
2.49, 2 H, q (6.9) 
5.50, 1 H, dt (15.3,1 
5.44, 1 H, dt (15.3,1 
2.67, 2 H, m 

4.94, 1 H, d (9.3) 
3.01, 1 H, m 
5.32, 1 H, m 
5.32, 1 H, m 
1.58,3 H, b r s 
0.94, 3 H, d (6.9) 
1.58, 3 H, b r s 
3.21, 3 H, s 
3.01,3 H, s 
3.74, 1 H, d (4.8) 

5.2) 
6.1) 

HMBC 

1, 29 
1,OH 

OH 
7, OH 

7, 8 
8 
7, 28 
7, 8 
8 
10 

13, 15, 16 
16, 17 
15, 17, 18 
16, 18 
16, 17 
17, 18, 

21, 27 
27 
26, 27 
24,26 
25,26 
25 
23 

8 
2 

3', 

COSY 

4 
3,4 
3,3 ', 5,5', OH 
4, 5' 
4, 5 ,6 
5', 
6, i 
1 

16 
15, 
16, 
17, 
18 

22, 
21, 
22, 
25 
23, 

21 

4 

7 
S 

17 
18 
19 

27 
23 
25 

24 

8.0? 

r H1.6 „, U 6 - e 

" ^ r r " N \ i 3 i . i / ^ P 

135 8 * 0 N J 135^-O N 1S6.4-YT VV-1 I . 
7 W W / , 6 3 . 2 

7.60 ' • " VL rl 

Figure 1. Comparison of NMR data (CDCl3) for partial structure A and 
the trisoxazole moiety of kabiramide A. 

Hennoxazole A (1) is active against herpes simplex virus type 1 
(IC50 0.6 /ug/mL) and displays peripheral analgesic activity 
comparable with that of indomethacin, when assayed in the 
phenylquinone-induced writhing assay in mice.9 

Polyfibrospongia sp. (4.5 kg) collected by scuba divers was 
extracted by steeping in acetone. After concentration, the resulting 
aqueous suspension was extracted with chloroform, yielding an 
oil (20 g), which was separated by vacuum flash chromatography 
on silica gel with a stepwise gradient of hexane/ethyl acetate/ 
methanol. A fraction eluting with ethyl acetate was chromato-

(9) Siegmund, E.; Cadmus, R.; Lu, G. Proc. Soc. Exp. Biol. Med. 1967, 
95, 729. 
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