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The complete 'H and **C nmr assignments for both bicyclomycin (1) and bicyclomycin-3"-ethyl carbamate
(2) were achieved through the combined use of a series of nmr techniques. Extensive use of the long range
heteronuclear multiple quantum chemical shift correlation experiment (HMBC) permitted the assignments of
all the exchangeable protons as well as the 2,5-piperazinedione carbonyl carbons in both compounds. The
X-ray crystallographic structure of 2 was determined and compared to the reported structure of
bicyclomycin. Compound 2 crystallizes in the orthorhombic space group P2,2,2, with four molecules in a
unit cell having dimensions a = 7.931(2), b = 10.834(4), and ¢ = 24.468(7) A. The structure refined to a

final R value of 6.2%.
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Bicyclomycin (1) is a potent antibiotic of emerging im-
portance for the treatment of nonspecific diarrhea in
humans and bacterial diarrhea in calves and pigs [2]. Se-
veral intriguing scenarios have been proposed to account
for the unusual pharmacological activity and chemical
reactivity of this drug [3-6]. The pioneering studies of Iseki
and co-workers demonstrated that bicyclomycin binds co-
valently with methyl mercaptan at the carbon-5 exomethyl-
ene unit at basic pHs [3a]. This result coupled with other
experiments led to the early hypothesis that the antibac-
terial activity of 1 is associated with the covalent binding
of a sulfhydryl residue present on an inner-membrane pro-
tein to the terminal olefinic group of the drug [3]. New in-
formation concerning this critical reaction has been pro-
vided by ourselves [6] and the Williams’ group [4b,c].
First, the structure of the bicyclomycin-methanethiolate
adduct has been reassigned on the basis of detailed nmr
studies [6]. Second, systematic variation of the substitu-
ents present in bicyclomycin and synthetic derivatives
have suggested that both a free N10-H and a C1'-OH
residue were necessary for thiolate addition to the ex-
omethylene group [4b,c]. These findings have prompted
new questions concerning the mechanism of this impor-
tant transformation. Recently, Vasquez and co-workers

2 R« C(O)NHCHZCH
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have noted the close structural correspondence of 1 to the
projected structure of the diaminopimelic acid-diaminopi-
melic acid unit within the peptidoglycan assembly of cellu-
lar membranes [5). This similarity has raised the possibili-
ty that the drug functions as a competitive substrate for a
protease involved in the biosynthesis of the bacterial cell
envelope by reaction with an enzyme at one of the two ring
carbonyl groups.

Surprisingly, in light of these reports, few structural
studies of bicyclomycin have appeared. The X-ray crystal-
lographic analysis of 1 in 1974 has served as the major
source of structural information to date concerning the
drug [7]. In order to provide a basis set of data for future
discussions on the interdependence of structure on the
mode of action and chemical reactivity of bicyclomycin
and the interaction of the drug with the peptidoglycan as-
sembly during bacterial cell wall synthesis, we have under-
taken a detailed nmr assignment of bicylcomycin and the
corresponding 3'-ethyl carbamate derivative 2 [8]. Empha-
sis has been placed on assigning all the resonances for the
exchangeable protons in the 'H nmr spectra of 1 and 2.
Signals for the two piperazinedione carbonyl carbon reso-
nances and the aminal resonances of the *C nmr spectra
of 1 and 2 have also been unequivocally assigned. In ad-
dition, the X-ray crystallographic structure of 2 has been
determined and compared to the reported structure of bi-
cyclomycin (1) [7].

Results and Discussion.
a. NMR Studies.

The majority of the signals in the proton nmr spectra of
bicyclomycin (1) and bicyclomycin-3'-ethyl carbamate (2)
were readily assigned on the basis of chemical shift con-
siderations and spin coupling patterns from the COSY



1512 H. Kohn, S. Abuzar, J. D. Korp, A. S. Zekizer, and G. E. Martin

spectrum. The exchangeable proton assignments were less
straightforward. In 1 tentative assignments were made for
the C1-OH proton as the doublet at 5.27 ppm, the C6-OH
proton as the sharp singlet resonance at 6.83 ppm, and the
C2'-OH as the sharp singlet at 4.48 ppm. In 2 the corre-
sponding signals were tentatively ascribed to the peaks lo-
cated at 5.51, 6.86, and 5.85 ppm, respectively. Initially
the two amide protons in 1 resonating at 8.68 and 8.95
ppm, and in 2 appearing at 8.72 and 8.77 ppm, could not
be unequivocally differentiated.

Table 1

Proton and Carbon NMR Chemical Shift Assignments for Bicyclomycin
(1) and Bicyclomycin-3"-ethyl carbamate 2)

2 R= C'(O)NNCD.(ZCH3
4 56T
1 2
position 'H sC 'H 13C
1 81.74 8791
3 3.61, 3.80 63.27 3.61, 3.76 63.36
4 2.48 35.33 2.46 35.24
5 149.06 — 148.94
5a 5.04, 5.35 115.20 5.04, 5.36 115.19
6-OH 6.83 e 6.86
6 81.48 81.34
7 169.53 — 169.37
8-NH 8.68 8.72 ~-
9 166.25 - 165.96
10-NH 8.95 8.77
I 3.89 70.47 3.87 69.54
1'"CH 5.27 5.51
2' 77.01 75.97
2'.CH, 1.16 23.94 1.18 23.59
2".0H 4.48 5.85
3’ 3.33, 3.44 66.62 3.91, 3.99 68.50
3.0H 5.21 -
4 158.08
5'-NH - 7.04
6 2.98 34.92
7 - 0.99 15.00
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Given the proton resonance assignments contained in
Table 1, a direct proton-carbon heteronuclear chemical
shift correlation spectrum using the method described by
Bax [9] with a BIRD pulse [10] incorporated midway
through the evolution time to provide selective broadband
vicinal proton decoupling gave the protonated carbon res-
onance assignments. Having completed the protonated
carbon resonance assignments for 1 and 2 (see Table 1)
there remained the task of assigning the non-protonated
carbon resonances. A variety of methods are available for
this purpose. Choices now exist between both proton and
carbon detected variants of the long range heteronuclear
correlation experiment. While the former has advantages
in sensitivity, it is a more difficult experiment to perform
and requires, at a minimum, access to a spectrometer with
X-band pulse capabilities. Despite advantages in sensitiv-
ity, the proton detected long range heteronuclear multiple
quantum correlation experiment (HMBC) described by
Bax and Summers [11] is not applicable for the assign-
ments of non-protonated carbon resonances in every case.
Indeed, there may be instances when it is preferable to
perform the heteronucleus detected experiment if suffi-
ciently large samples of material are available. Specifical-
ly, problems arise in the digitization of the second fre-
quency domain of the HMBC experiment (**C). To provide
adequate digitization in the second frequency domain,
very substantial numbers of experiments must be per-
formed, particularly when data are to be acquired for both
carbonyl and aliphatic carbon resonances. At very high
fields, e.g. 500 MHz, it may even be necessary to split the
13C frequency range into two segments to provide ade-
quate digital resolution and/or sufficiently effective pulse
excitation [11}.

For the assignment of bicyclomycin (1) both proton and
carbon detected long range correlation experiments were
employed. Each had distinct advantages. Only the proton
detected (HMBC) long range spectrum, however, is shown
in Figure 1. Key long range proton-carbon connectivity
pathways for 1 are presented in Figure 2. Correlation
pathways derived from the proton and carbon detected
spectra were largely comparable. Initially, there was some
difficulty in establishing the identities of the amide pro-
tons from the proton detected spectrum as there was no
simple way to determine whether two bond (*Jcu, e.g. H8
to C7 and H10 to C9) or three bond (Jcx, e.g. H8 to C9
and H10 to C7) coupling pathways would be favored when
the experiment was optimized for an average 8 Hz long
range coupling. This problem is solved, however, by a
three bond coupling between one of the amide protons
and the C5 vinyl carbon observed in the **C detected long
range correlation experiment optimized for 10 Hz. Under
these conditions, it is highly improbable that H8 would ex-
hibit a long range coupling to C5 via a *Jcu coupling
pathway. Hence, H10 was assigned as the amide proton
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resonating at 8.95 ppm while H8 was assigned to the reso-
nance at 8.68 ppm. Analysis of the remaining proton-
carbon connectivities in the long range heteronuclear cor-
relation experiments for 1 and 2 permitted the complete
assignment of the signals in the nmr spectra of both com-
pounds.
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Figure 1. Proton detected long range heteronuclear multiple quantum

chemical shift correlation (HMBC) nmr spectrum for 1.
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Figure 2. Long range proton carbon connectivities observed in the pro-
ton detected long range heteronuclear multiple quantum chemical shift
correlation (HMBC) experiment for 1. Arrows denote observed connectiv-
ities and emanate from the proton and terminate at the carbon which ex-
hibited the response. One long range connectivity contained in the car-
bon detected spectrum is critical to the successful differentiation of the
carbonyl and amide proton resonance assignments and is specifically
noted in the figure.
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b. X-ray Crystallographic Studies.

The nmr chemical shift values obtained for bicyclomy-
cin-3'-ethyl carbamate (2) closely matched those observed
for 1. Verification of this structural correspondence in the
solid was secured by determining the single-crystal struc-
ture of 2. Figure 3 shows the atom labeling scheme based
on the atomic coordinates given in Table 2. For the sake of
continuity, the same numbering system was used as re-
ported in the crystallographic analysis of 1 [7]. Tables 3
and 4 list the bond distances and angles for the non-hydro-
gen atoms. The agreement between the derived solid-state

structures of 1 and 2 is remarkably good, especially con-
sidering that 1 was analyzed from film data and 2 contain-
ed disordered solvent and exhibited severe decay. In fact,
none of the equivalent bond distances differs by more
than 0.02A. A least squares fit of 1 and 2 is presented in
Figure 4, showing the only major difference to be the
orientation of O19. In 1 the 019 group is rotated so as to
permit hydrogen bonding to 05, whereas in 2 019 adopts
an entirely different orientation in order to facilitate
H-bonding between 016 and 023. For purposes of com-
parison we have inverted the listed coordinates [7} of 1 in
order to conform to the absolute configuration determined
some four years later [12].

Figure 3. View of 2 showing the atom labeling. The nonhydrogen atoms
are shown as 20% equiprobability ellipsoids, and hydrogens as spheres
of arbitrary diameter. Intramolecular hydrogen bonds are indicated by
dashed lines.

Figure 4. Least squares fit between inverted 1 (black dots) and 2 (open
circles). Maximum deviation between equivalent atoms (excluding 019) is
0.2A.
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Table 2 Table 3

Atomic Coordinates (X 10%) and Equivalent Isotropic Displacement L (A) for R A (B LT )

Parameters (A ?x 10%) for Bicyclomycin-3'-ethyl Carbamate (2)

C(1)-C(2) 1.553 (8) C(1)-C(8) 1.527 (9)
X Y Z Uleq) C(1}N(9) 1.480 (7) C(1)-011) 1.400 (8)
cw 86365(10)  6966(6) 79160) 372) §(2)N(3) 1.348 (8) C(2)-0(12) 1.196 (7)
@) 20249)  60825) 1410) 342) (3)-C(4) 1.460 (7) C(4)}0(5) 1.421 (8)
C(4)-C(10) 1.558 (9) C(4)-C(13) 1.527 (8)
N@3) 6590(8)  6533(4) 7192(2) 36(1) 051Gl 433 (7 6T
C(4) 6055(9)  7827(5) 7183(3) 39(2) ©}HC6) 433D (6-C(7) 1.5356)
C(7)-C(8) 1.500 (10) C(8)-C(20) 1.326 (9)
0(5) 4682(7)  8096(4) 7538(2) 4701)
N(9)}C(10) 1.326 (8) C(10)-0(21) 1.227 (6)
“o 4546010) - 74436) 80460) @) C(13)-0(14 1.434 (8 C(13)-C(15 1.547 (10
() 5968(9)  7734(6) 8453(3) 50(2) c( }0( ) 434 8) (13HC015) 547 (10)
@ B TN S —— 242) C(15}(:(16) 1.446 (7) C(15)-C(17) 1.546 (9)
NO) 8098 82245) 16780) 38() (15)-C(18) 1.545 (10) C(18)0(19) 1.443 (8)
c10) T54011)  8696(5) 73500) 430) 0(19}C(22) 1.347 (8) C(22)-0(23) 1.218 (8)
o) 10297T)  6626(4) 80442) 4AQ) C(22)-N(24) 1.336 (9) N(24)-C(25) 1.481 (9)
C(25)-C(26) 1.445 (10) 0(27)}C(28) 1.412
0(12) 8501(6)  5065(3) 7416(2) 46(1)
0270279 0.542 (22) C(28)-C(29) 1.508
C(13) 5439(10) 8175(6) 6611(3) 432)
C(28)-C(28) 1.366 (23) C(29)-C(29) 1.361 (22)
0(14) 6846(7)  8120(4) 6243(2) 56(1)
0(27)-C(28") 1.412 C(28"-C(29) 1.508
C(15) 398410)  7403(6) 6361(3) 45(2)
0(16) 4614T)  6152(4) 6310(2) 46(1)
c(17) 3616(11) 787%7) 5778(3) 61(2)
C(18) 2394(10)  7418(6) 6728(3) 49(2)
0(19) 844(6)  7200(4) 6433(2) 53(1)
Table 4
C(20) 7870(13)  61047) 8807(3) 82(2)
oE1) 75328)  9778(3) 7197(2) 59(1) Bond Angles (°) for Bicyclomycin-3"-ethyl Carbamate (2)
C(22) 520(10)  6020(7) 6288(3) 442) C(8}C(1)-C(2) 109.4(6) NO)}C(1)-C(2) 107.6(5)
0(23) 1503(7)  5159(4) 6340(2) 62(1) N©)}C(1)-C(8) 111.8(5) O(11)}-C(1)}C(2) 109.6(5)
N(24) —1044(8)  5931(5) 6087(3) 52(2) O(11)-C(1)-C(8) 111.3(5) O(11)}C(1}N(9) 107.0(6)
C(25) ~1788(11)  4725(6) 5927(3) 63(2) N3)}C(2)-C(1) 114.6(5) 0(12)-C(2)}-C(1) 120.3(6)
C(26) —2602(16) 4775(8) 5399%(3) 107(2) 0(12)-C(2}N(3) 125.0(6) C(4)N3)}C(2) 125.5(6)
027) 2351(10)  5557(5) 8982(3) 96(2) 0(5)-C(4}N(3) 114.1(6) C(10)-C(@)}N(@3) 110.7(6)
C(28) 1857 6143 9472 96(2) C(10)-C(4)-0(5) 107.0(5) C(13)-C(4)N@3) 110.1(5)
C(29) 2854 5712 9962 96(2) C(13)-C(4)}-0(5) 105.4(6) C(13)-C(4)}C(10) 109.4(5)
0@7) 2902(26)  5853(19) 8966(10) 96(2) C(6)}-0(5)-C(4) 119.2(5) C(7)-C(6)-0(5) 114.0(6)
C(28) 1567 5110 9164 96(2) C(8)}C(7)-C(6) 115.9(5) C(7)}-C(8)-C(1) 120.0(6)
C(29") 1554 5000 9779 96(2) C(20)-C(8)}-C(1) 118.0(8) C(20)-C(8)-C(7) 121.9(7)
* Equivalent isotropic U defined as one third of the trace of the orthog- CoyNE}C1) ) N@E}C(10yCe#) LBELE)
onalized Uj; tensor. 0(21)}C(10)-C(4) 119.3(7) 0(21)-C(10)-N(9) 123.6(7)
0(14)}C(13}-C(4) 108.5(6) C(15-C(13}C(4)  117.8(6)
Examination of the crystallographic data revealed sev- C(15)-C(13}0(14) 107.9(5) 0(16}C(15}C(13)  106.3(6)
eral interesting features. First, bonds C2-N3 and C10-N9 C(17+C(15)C(13) 109.1(6) CO7)C(1510(16)  107.2(6)

are considerably shorter than expected for a C-N single
bond, w}Te.reas C1-C2 and C.4-C10' are somewhat l'or'lger CA8MCSKCAT) 112.36) O(9LCABKCUS)  113.56)
than anticipated for bonds involving an sp? hybridized

atom. These results indicate that there exists significant cazno09cug  11666) 023}CE20019) - 124.9(7)
double bond character in the C-N part of the peptide link- A B R ) N@24)}C2)0@23)  125.1()
age. Comparable observations have been noted in related C@5PN@4rC22)  121.9(6) C26}C25}N@4)  112.4(7)
compounds [13]. The fact that the N and O atoms are in- C(29)-C(28)-0(27) 113.1 C(29'}C(28-0(27) 113.1

C(8}C(I5-C(13)  111.8(6) C(18}C(15}0(16)  109.9(6)
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volved in hydrogen bonding probably does not contribute
appreciably to the N-C-O resonance, since other com-
pounds having no such H-bonding display similar geom-
etry [14]. All remaining bond lengths in 2 are as expected,
in excellent agreement with literature values. Second, the
piperazinedione ring in 2 adopted a twist-boat conforma-
tion. 2,5-Piperazinediones are ubiquitous in nature [15],
and a large number of X-ray structures containing this
group have been reported. Several conformations have
been observed, ranging from chair to planar to boat. Fac-
tors which affect the adopted conformation include degree
of amide resonance, steric repulsions between C1 and C4
substituents, hydrophobic interactions between ring sub-
stituents and hydrogen bonding. Although Tokuma and
co-workers described the ring system of 1 as a boat [7], it
would be more accurately viewed as a twist-boat, since the
C2/N3/C10/N9 atoms are somewhat skewed rather than
strictly planar. The same distortion is found in the piper-
azinedione ring of 2, as evident from comparison of tor-
sion angles (C1-C2-N3-C4 = 15.4° vs. C1-N9-C10-C4 =
—3.7°). This distortion makes it very difficult to measure
the fold angle of the ring along the C1-C4 vector, however
the best values obtained (145° for 1 and 143° for 2) are
considerably flatter than noted in some other analogues
(130° to 134°). Significantly, the boat configuration is not
restricted solely to bicylic compounds, since this confor-
mation has also been noted in cases where no bridge exists
between C1 and C4 [18]. This analysis suggests there is no
undue strain inherent in the fused ring system itself.
Third, although the long side chain at C4 has an almost
completely flexible backbone, intramolecular hydrogen
bonds involving 016 virtually lock it into a rigid conforma-
tion in the solid state, much as in bicyclomyein itself (see
Figure 3). There is also an extensive intermolecular
hydrogen bonding system, which is shown in Figure 5 and
summarized in Table 5. As is typically observed, the
O0-H---O bonds are stronger than the N-H---O types [19],
with the exception of 014--021 which is geometrically
constrained and may in fact not be a true hydrogen bond.
If it is a hydrogen bond, then it is bifurcated, since H14
also points in the direction of 027. The intermolecular

=,

‘ i

Figure 5. Stereoscopic view of the packing in the unit cell 2. Intermolec-
ular hydrogen bonds are shown as dashed lines.
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bonds form the molecules into thick sheets parallel to the
ab plane, interspersed by layers of ethanol. The hydrogen
bonding parameters are in good agreement with those
found in other piperazinediones [13b,c].

Table 5
Hydrogen Bonding Parameters for Bicyclomycin-3'-ethyl Carbamate (2)

AB-C AB A-C  B-C <B

Intramolecular:

N(3),H(3),0(16) 0.95 2.70 2.00 129
0(16),H(16),0(23) 0.95 2.69 1.80 155
0(14),H(14),0(21) 0.95 2.99 2.18 142

Intermolecular:

N(9),H(9),0(12) 0.95 2.98 2.10 154
0(11),H(11),0(21) 0.95 2.70 1.86 146
N(24),H(24),0(14) 0.88 2.92 2.08 159
0(14),H(14),0(27) 0.95 2.717 2.10 126
Conclusions.

The complete 'H and '*C nmr assignments of bicyclo-
mycin (1) and bicyclomycin-3'-ethyl carbamate (2) have
been determined using a battery of nmr techniques. Of
particular importance was the application of the long
range heteronuclear multiple quantum chemical shift cor-
relation experiment (HMBC) recently described by Bax
and Summers [11]. This procedure permitted the unequiv-
ocal assignment of the ring amide protons, the ring aminal
and carbonyl carbons, as well as the remaining exchange-
able protons in the molecule. The availability of unequiv-
ocal assignments for all of the resonances in the proton
and carbon nmr spectra of 1 in particular is important for
several reasons. In part, these assignments may ultimately
facilitate nmr studies of the potential interactions of this
novel antibiotic with the peptidoglycan assembly during
bacterial cell wall synthesis in light of current notions con-
cerning the mode of action of the drug [3-6]. More im-
mediately, these assignments have proven crucial in
establishing the identity [6] of the addition product pro-
duced when bicyclomycin is treated with sodium methane-
thiolate under basic conditions [3a].

EXPERIMENTAL

NMR Studies.

All of the nmr spectra were recorded using a Nicolet NT-300 wide bore
spectrometer equipped with a 5 mm 'H/**C dual tuned probe and con-
trolled by a Model 293-C pulse programmer. Observation frequencies for
'H and **C were 300.042 and 75.455 MHz, respectively. The 90° observe
pulse widths were 13.8 and 18.3 psec for *H and *°C, respectively; the 90°
pulse from the decoupler coils was 32.2 usec and was calibrated using the
pulsed method of Bax [20].
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The spectrometer was extensively modified for proton detected long
range heteronuclear multiple quantum experiments using the pulse se-
quence described by Bax and Summers [11,21]. The proton decoupler
was used as a 300 MHz frequency source which was mixed with 225 MHz
generated by doubling the 112.5 MHz output of a Fluke 160 frequency
synthesizer. The output was filtered to remove the 525 MHz component
leaving the required 75 MHz frequency. The final 75 MHz output was
amplified by a narrowband class C amplifier to generate the desired 80
W '°C pulse from the decoupler. The 90° '*C **decoupler’’ pulse ob-
tained from the modifications just described was calibrated as 12 psec us-
ing at 30% wiv solution of 99% enriched 2-’C-sodium acetate in deuteri-
um oxide using the pulsed calibration method [20].

Autocorrelated Proton (COSY) Chemical Shift Correlation Experiments.

Proton-proton homonuclear chemical shift correlations were establish-
ed using the COSY experiment [22]. A 16 step phase cycle was employed
and the data were taken as 256 X 512 complex points (2 hours). The data
were processed using sinusoidal multiplication prior to both Fourier
transformations and were symmetrized [23] prior to plotting.

Direct (*Jcn) Heteronuclear Chemical Shift Correlation Experiments.

Direct heteronuclear correlations were established using the basic
heteronuclear correlation sequence [24,25] modified to provide semi-
selective vicinal homonuclear proton decoupling by the inclusion of a
BIRD pulse midway through the evolution period as described by Bax
[9]. Spectra were acquired on samples containing either 75 mg of 1 or 30
mg of 2 which were dissolved in 0.4 mf of 100% DMSO0-ds. Data were
taken as 128 X 1K complex points (overnight) and were processed using
exponential apodization prior to the first Fourier transformation and
zero filling to 256 points and double exponential apodization prior to the
second Fourier transform to give a final data matrix consisting of 256 X
512 points.

Long range ("Jcu, n = 2,3) Heteronuclear Chemical Shift Correlation Ex-
periments.

a. 1°C Detection.

Long range heteronuclear chemical shift correlation using heteronu-
cleus (1*C) detection was performed using the pulse sequence recently re-
ported by Zektzer, John and Martin [26] which incorporated a BIRD
pulse midway through the A, refocusing interval to suppress one bond
modulation of protonated carbon long range responses. The experiment
was performed using the sample of 1 containing 75 mg in 0.4 m{ of 100%
DMSO0-ds. The data were acquired as 128 x 1K complex points (over-
night) and were processed as above.

b. 'H Detection.

Long range proton-carbon heteronuclear correlations were also estab-
lished via 'H detection using the pulse sequence described by Bax and
Summers [11,21]. The data were acquired using a sample containing
either 30 mg of 1 or 2 dissolved in 0.4 m¢ of 100% DMSO-d,. The eight
step phase cycle according to Bax and Summers [11] was expanded to 32
steps by superimposition of a cyclops cycle over the existing eight step
cycle. Prior to accumulation, 4 dummy scans were taken and discarded
for each evolution time. Proton T, relaxation times were measured and
the experiment was cycled as a function of 2 X T, = 1.7 sec. The initial
data matrix consisted of 425 X 1K complex points (24 hours) and the
sample was not spun to reduce t, noise. The data were processed using si-
nusoidal multiplication and exponential multiplication prior to the first
Fourier transformation. The data matrix was zero filled to 512 points and
subjected to exponential multiplication prior to the second Fourier trans-
formation to afford a final data matrix comprised of 512 X 512 points.

X-ray Crystallographic Study of 2.

Bicyclomycin-3"-ethyl carbamate () was recrystallized from ethanol. A
large clear colorless fragment of 2 having approximate dimensions 0.60
x 0.40 X 0.13 mm was cut from a very large plate and mounted on a
glass fiber in a random orientation on a Nicolet R3m/V automatic dif-
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fractometer. The radiation used was Mo Ko monochromatized by a high-
ly ordered graphite crystal. Final cell constants, as well as other informa-
tion pertinent to data collection and refinement, are listed in Table 6.
The Laue symmetry was determined to be mmm, and from the systematic
absences noted the space group was shown unambiguously to be P2,2,2,.
Sample peak profiles run on certain reflections in order to ascertain opti-
mum scan width showed occasional asymmetry, and this was assumed to
be due to minor crystal damage during handling. A slightly wider than
normal scan width was used in order to ensure uniform backgrounds. In-
tensities were measured using the omega scan technique, with the scan
rate depending on the count obtained in rapid pre-scans of each reflec-
tion. Two standard reflections were monitored after every two hours or
every 100 data collected, and these showed rapid, linear decay amount-
ing to over 60% by the end of the 48 hours of the experiment. A normali-
zing factor as a function of exposure time was used to account for this. In
reducing the data, Lorentz and polarization corrections were applied,
however no correction for absorption was made due to the small absorp-
tion coefficient.

Table 6

Data Collection and Processing Parameters for
Bicyclomycin-3'-ethyl Carbamate (2)

Space group P2,2,2, (orthorhombic)
Cell constants a = 7931(2A

b = 10.834(4)

c = 24.468(7)

V = 2102A°
Molecular formula C,sH,,N,0,C,H,0
Formula weight 419.5
Formula units per cell Z=4
Density p = 133 gem™
Absorption coefficient # = 1.01 cm™
Radiation (Mo Ka) A = 0.71073A
Collection range 4° <20=<55°

Scan width Af = 1.2+ (Kar-Ka,)°®

Scan speed range 1.5 to 15.0° —min™*

Total data collected 2759
Independent data, I> 30(l) 1598
Total variables 271

R = Z|F,|-|F|/Z|F,| 0.062

R, = [Ew(|F,|-|F.|Zw|F.|?]% 0.049
Weights w = ofF)?

The solution of the structure was obtained from TREF using
SHELXTL PLUS direct methods, yielding coordinates for all non-solvent
atoms in the asymmetric unit. The usual sequence of isotropic and aniso-
tropic refinement was followed, after which all hydrogens were entered in
ideal calculated positions. Only the positions of H3, H9, H11, H14, H16,
and H24 were allowed to refine independently, and reasonable distance
constraints were applied in order to facilitate refinement. A single iso-
tropic thermal parameter was refined for all of the hydrogen atoms. At
this point, a difference Fourier synthesis revealed the position of a heavi-
ly disordered solvent molecule, which is presumed to be ethanol. The
atoms involved refined poorly, and eventually had to be treated as rigid
bodies based on bonding geometry found in the initial difference map.
Two distinct orientations of the ethanol were noted, and when the popu-
lation factors were allowed to vary they refined to 80%:20% for the
027:027' sites. In the final cycles of least squares the occupancies were
thus fixed at 0.80 and 0.20 while a single isotropic thermal parameter for
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all solvent atoms was varied. Hydrogens were added at ideal calculated
positions with appropriate occupancies.

An extensive hydrogen bonding system is present, as indicated in
Table 5. H14 appears to be involved in a bifurcated bonding arrange-
ment with 021 and 027, but this may be due to slight mispositioning of
H14 during refinement. Unfortunately the heavy disorder of the ethanol
solvent molecule prevented location of H27, but examination of the pack-
ing diagram reveals that the missing hydrogen would probably be in-
volved in a weak attraction to O11. The calculated separation between
011 and 027 is approximately 3.0A. There are no heavy atoms in the
compound and thus it is impossible to determine experimentally the cor-
rect absolute configuration. Therefore the chirality was adjusted in order
to match that determined for bicyclomycin by analysis of an acid-cata-
lyzed rearrangement product [12]. After all shift/esd ratios were less than
0.1, convergence was reached at the agreement factors listed in Table 6.
No unusually high correlations were noted between any of the variables
in the last cycle in full-matrix least squares refinement, and the final
difference density map showed no peaks greater than 0.30 e/A%. All
calculations were made using Nicolet's SHELXTL PLUS (1987) series of
crystallographic programs.
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