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Figure 3. Second-derivative ESR spectra of the radicals obtained on 
oxidation of the (left) 1,4- and (right) 2,3-dimethyloctaethyliso-
bacteriochlorin complexes of Co11NO. The simulations shown under the 
experimental spectra demonstrate that one cobalt and two protons de
termine the spectral patterns observed. The proton coupling constants 
are comparable to those found for the free base and Fe"(py)CO cation 
radicals of the same macrocycles.9 

P and C are typical of a -K cation in the case of the chlorin14 and 
of Fe(III) for the porphyrin. The products obtained by vacuum 
electrolysis are therefore assigned to Fe111NO(OEP)+, Fe11NO-
(OEC)+-, and Fe11NO(OEiBC)+-. The infrared data are consistent 
with these assignments and suggest that the bent NO bonds are 
retained in the Fe"iBC and C ir cations, and that the NO bond 
is linear in the Fe111P.15 

The formation of different P and C products by the two elec
trolytic methods strongly suggests that traces of water can assist 
in the displacement of the NO ligands by the ClO4" used as 
electrolyte and that the NO is therefore considerably more "labile" 
in P and C than in iBC. Use of the iBC framework may thus 
control the residence time of the substrate at the catalytic site, 
and the bent vs. linear NO bonds16 may affect the reactivity of 
the NO toward the subsequent protolytic reactions16 that lead to 
ammonia formation in iBC. 

Although the data presented above suggest the existence of C 
and iBC ir cations, the species are ESR silent, presumably because 
of spin pairing between the radical and the Fe11NO. Unlike neutral 
Fe11NO complexes, Co11NO porphyrins are diamagnetic8,17 and 
should yield paramagnetic products upon oxidation. Vacuum 
electrolysis of the Co11NO complex of 2,3-Me2(OEiBC)18 yields 
an optical spectrum which again resembles an iBC r cation.9 Its 
radical nature is evident from its ESR signal (Figure 3), which 
can be simulated by assuming a small cobalt contribution, aCo = 
2.8 G (7 = 7 / 2 ) , and two protons, aH = 4.5 G, i.e., a spin profile 
characteristic of au iBC radicals.9 To test these assignments, the 
experiments were repeated with 1,4-Me2(OEiBC).18 The resulting 

(14) Hanson, L. K.; Chang, C. K.; Davis, M. S.; Fajer, J. J. Am. Chem. 
Soc. 1981, 103, 663-670. 

(15) Scheldt, W. R. (private communication) has determined the X-ray 
structure of Fe11HOEP)(NO)ClO4. The NO bond is linear. 

(16) Linear and bent M-NO are formally considered to be M-NO+ and 
M-NO", respectively. McCleverty, J. A. Chem. Rev. 1979, 79, 53-76. 

(17) Nitrosyl-5,10,15,20-tetraphenylporphinatocobalt(II) (Co(TPP)NO) 
is diamagnetic. An X-ray structure shows the NO to be bent with i<N0 = 1689 
cm"1 in KBr. Scheidt, W. R.; Hoard, J. L. / . Am. Chem. Soc. 1973, 95, 
8281-8286. 

(18) 2,3- and 1,4-Me2(OEiBC) are 3,7-dimethyl-3',7'-dihydro-
2,2',8,8',12,13,17,18-octaethylporphyrin and 2,8-dimethyl-2',8'-dihydro-
3,3',7,7',12,13,17,18-octaethylporphyrin, respectively. (Chang, C. K. Bio
chemistry, 1980, 19, 1971-1976.) We thank Dr. C. K. Chang for samples 
of the free base compounds. The Co complexes were obtained by refluxing 
with Co acetate in py under N2, the py was evaporated and the product washed 
with H2O. The NO complexes were prepared in CH2Cl2 by addition of NO 
and EtSH to the CoiBC, followed by vacuum distillation to remove solvent 
and reagents. 

ESR signal (Figure 3) requires aCo = 2.8 G and two protons, aH 

= 6.7 G, for a satisfactory simulation. The different proton 
splittings reflect the different spin densities at the inboard and 
outboard a carbons of the reduced rings and have been observed 
experimentally and predicted theoretically for other iBC cations.9 

In accord with the trend observed for the Fe11NO complexes, 
the Co11NO P, C and iBC complexes all reduce at approximately 
the same potential: -1.26 to -1.29 V, and become progressively 
easier to oxidize as the macrocycle is saturated: 0.78 (OEP, 
irreversible), 0.50 (OEC), and 0.26 V (Me2(OEiBC)) in butyr-
onitrile. Furthermore, in the case of the iBC radical, the NO also 
remains bent: VNQ = 1655 and 1695 cm"1 for Co11NO 2,3-
Me2(OEiBC)17 and the radical, respectively, in CH2Cl2 (confirmed 
with 15NO: JMSNO = 1665 cm"1 for the cation). 

In conclusion, no obvious differences are observed in the re
duction potentials of Fe or Co(II) NO complexes of P, C and iBC 
that would favor one macrocycle over the others. On the other 
hand, if electron transport in the enzymic cycle occurs via oxidized 
macrocycle transients, as previously suggested,6,9 the iBC mac
rocycle becomes the easiest to oxidize, the NO substrate is less 
labile, and its bent conformation perhaps better suited for further 
reaction. The choice of macrocycle then allows control of oxidation 
site (metal vs. macrocycle) and of the residence time and reactivity 
of the NO at the catalytic site. 
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We report here that the temperature dependence, A5/AT, of 
the proton NMR chemical shifts of the exchangeable protons of 
some pyranosides is a function of anomeric configuration. The 
significance of this finding is twofold: (1) for its bearing upon 
the well-known anomeric effect and exo-anomeric effect,1 and (2) 
for its importance to those using A8/AT values as indicators of 
conformation in carbohydrates of biological significance. While 
our study is far from exhaustive it suggests the following: (1) In 
dimethyl sulfoxide (Me2SO) solutions the exchangeable proton 
|A6/A7] values of substituents at carbon 2 are greater for a 
anomers than for /3 anomers while those of substituents at carbon 
1 are greater for /3 anomers than for a anomers. (2) Exchangeable 
protons of both hydroxyl and acetamide (NHCOCH3) substituents 
are affected. 

The chemical shifts (S) of exchangeable protons in solvents such 
as Me2SO and H2O generally decrease with increasing temper
ature. This is attributed to the disruption of hydrogen bonding 
(involvement of a proton in a hydrogen bond causes a shift to 
greater 8 values).2 When the interaction being disrupted is with 
one of these solvents, a large dependence on temperature indicates 
a conformation in which the proton is exposed to the solvent; a 
small dependence corresponds to a proton shielded from the 

(1) (a) Jeffrey, G. A.; Yates, J. H. J. Am. Chem. Soc. 1979,101, 820-825 
and references therein, (b) Lemieux, R. U.; Bock, K.; Delbaere, L. T. J.; Koto, 
S.; Rao, V. S. Can. J. Chem. 1980, 58, 631-653. 

(2) Becker, E. D. "High Resolution NMR"; Academic Press: New York, 
1980; Chapter 12. 
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Table I. A6/ AT Values (ppb/deg) in Me2SO 

compd0 

A (0.15 M)6 

B (0.01 M) 
B (0.94 M) 
C « 0 . 0 2 M) 
D (0.08 M) 
E (0.10 M)6 

F(O-Il M) 
G (0.12 M) 
H (0.17 M) 
I (0.14 M) 
J (0.006 M) 
J (0.17 M) 
K (0.006 M) 
K (0.21 M) 

a amide 
H 

-7 .5 
- 7 . 1 c 

-7 .8 

-6 .9 

/3 amide 
H 

-3 .8 

- 4 . 7 d 

-4 .9 
-3 .3 

a C-2 OH 

-8.7 C 

(-6.4, -6 .4 , -7 .4 f 

-7.7 
-7 .8 

(3 C-2 OH 

( -4 .0 , -6 .2 ) e 

-7 .5 

( - 6 . 5 , - 7 . 6 , - 7 . 8 ) e 

( - 6 . 2 , - 7 . 0 ) ^ 
( -6 .3 , -6 .9) e ' f 

a C-I 
OH 

-5.2 

-5.4 

-5 .7 
-5 .8 

/3 C-I 
OH 

-6.2 

-6 .4 

- 6 . 2 e 

-6 .3 

aC-6 
OH 

-6.9 
-6.3 
-6.5 

-7 .4 C 

-5 .6 

-6 .8 
-6 .9 

0C-6 
OH 

-6 .8 

-7 .0 
-6 .8 

-6 .4 

-5 .4 

-6 .7 
-6 .8 

0 Names of compounds given in ref 11. b Mixture of anomers. c Maximum deviation between observed and calculated frequencies was 
greater than digital resolution. In E- the average deviation was twice digital resolution; in B and K the average deviation was less than digital 
resolution. d Amide substituent at C-2. e Parentheses indicate incomplete assignment of hydroxyls. In H, for example, three AS/AT values 
were measured, but we do not know which corresponds to C-2 OH, C-3 OH, or C-4 OH. ' Temperature dependences are reported for two 
of three overlapping incompletely assigned hydroxyl signals. Overlap prevented determination of the third ASl AT value. 

solvent. Use of A5/AT values of peptide and carbohydrate protons 
are found in the literature.3"6 

The results of our measurements are summarized in Table I. 
The values of AS/AT are the slopes, a, from a linear least-squares 
fit of data to 5 = aT + b. Maximum deviations of calculated 
frequencies from expected frequencies were comparable to the 
digital resolution of the measurement except where noted. NMR 
spectra were obtained on a Bruker HX 270-MHz instrument 
equipped with a temperature controller. Chemical shifts were 
referenced with respect to internal Me4Si or DSS7 and were 
measured at five temperatures in the range 295-320 K. Tem
perature calibration was checked by using ethylene glycol.8 

Spectra in H2O were obtained by the WEFT technique.9 Res
onances were assigned from the literature10 and/or from standard 
decoupling experiments. All compounds were obtained from 
commercial sources and are referred to by Roman letter desig
nations." 

The difference between a and /3 anomer |A<5/AT| values was 
most pronounced for the exchangeable protons of acetamide 
substituents (amide H, Table I), with a anomer values of about 
7 ppb/deg and /3 anomer values of about 4 ppb/deg. Somewhat 
surprisingly, the pair of amide AS/ A T values in E, a compound 
with the acetamide substituent at carbon 3, were very similar to 
those for A-D, compounds with acetamide substituents at carbon 
2, one carbon closer to the anomeric center. 

For protons of hydroxyl substituents at carbon 2 the a \AS/AT\ 
values were about 1 ppb/deg greater than the /3 |A5/A7| values 
for the sugars of the gluco configuration (F and G, J and K, Table 
I); lack of assignments prevents evaluation of whether a similar 
relation holds for the pair of galacto sugars (H and I, Table I). 

(3) (a) Llinas, M.; Klein, M. P. J. Am. Chem. Soc. 1975, 97, 4731-4737 
and references therein, (b) Kopple, K. D.; Go, A. J. Am. Chem. Soc. 1977, 
99, 7698-7704 and references therein. 

(4) St. Jacques, M.; Sundararajan, P. R.; Taylor, K. J.; Marchessault, R. 
H. J. Am. Chem. Soc. 1976, 98, 4386-4391. 

(5) (a) Heatley, F.; Scott, J. E.; Jeanloz, R. W.; Walker-Nasir, E. Car-
bohydr. Res. 1982, 99, 1-11. (b) Heatley, F.; Scott, J. E.; Casu, B. Carbo-
hydr.Res. 1979, 72, 13-23. 

(6) Harvey, J. M.; Symons, M. C. R.; Naftalin, R. J. Nature (London) 
1976, 261, 435-436. 

(7) Me4Si, tetramethylsilane; DDS, 3-(trimethylsilyl)-l-propanesulfonic 
acid, sodium salt. 

(8) (a) Van Geet, A. L. Anal. Chem. 1970, 42, 679-680. (b) Raiford, D. 
S.; Fisk, C. L.; Becker, E. D. Ibid. 1979, 51, 2050-2051. 

(9) Redfield, A. G. Methods Enzymol. 1978, 49, 253-270. 
(10) (a) Schamper, T. J. Carbohydr. Res. 1974, 36, 233-237. (b) Bush, 

C. A.; Duben, A.; Ralapati, S. Biochemistry 1980, 19, 501-504. 
(11) A, 2-acetamido-2-deoxy-D-glucopyranose; B, methyl 2-acetamido-2-

deoxy-a-D-glucopyranoside; C, l-(l_-aspartamido)-2-acetamido-l,2-dideoxy-
/J-D-glucopyranoside; D, 1 -amino-2-acetamido-1,2-dideoxy-/3-D-gIuco-
pyranoside; E, 3-acetamido-3-deoxy-D-glucopyranose; F, methyl a-D-gluco-
pyranoside; G, methyl /3-D-glucopyranoside; H, methyl a-D-galactopyranoside; 
I, methyl /3-D-galactopyranoside; J, a-D-glucopyranose; K, 0-D-glucopyranose. 

Table II. S and AS/AT Values as a Function of Solvent 

proton0 

amide of A (a)e 

amide of A (/3)e 

amide of B (a) 
amide of C 03)* 
amide of D ((3) 

H2O6 

5C AS/AT* 

8.05 -9 .0 
8.16 -8 .3 
8.07 -9 .1 
8.17 -7 .4 

Me2SO 

5C AS/AT1 

7.65 -7 .5 
7.77 -3 .8 
7.74 -7 .4 
7.85 -4 .7 
7.67 -4 .9 

6C 

6.57 

6.46 

6.55 

HFIP 

AS/AT'1 

- 3 . 5 ' 

- 4 . 3 ' 

Q Letters refer to compounds as designated in ref 11. " Pre
liminary results show that both 5 and AS/AT vary somewhat 
with pH;pH's were as follows: A, 3.5; B, 1.7; C, 2.1. c ppm at 
27 0C. d ppb/deg. e Anomeric mixture. ' Data consisted of 
three rather than five points. For B, average deviation between 
calculated and observed frequencies was less than digital resolution. 
For A, this average deviation was twice the digital resolution. 
8 Values are for amide substituent at C-2. 

For protons of carbon 1 hydroxyl substituents the /3 |A6/A7] values 
were 0.5 to 1 ppb/deg greater than the a \AS/AT\ values (A, E, 
J and K, Table I). 

The |A<5/A7] values increase slightly with increasing sugar 
concentration (B, J, K, Table I). Evidently intermolecular in
teractions are a factor in the observed Ad/ AT values. However, 
solute-solvent interactions are of major importance as the variation 
of Ad/ AT values with solvent indicates (A, B, C in Me2SO, H2O, 
and hexafluoroisopropanol (HFIP), Table II). To the extent to 
which the |A<5/A7] values reflect the effect of temperature in the 
disruption of solute-solvent hydrogen bonds we would expect the 
protons with larger |A5/AT| values to be those that are more 
strongly hydrogen bonded with the solvent. The |A<5/AT] values 
decrease from maximum values in H2O, through Me2SO, to 
minimum values in HFIP (Table II). These results are as expected 
for solvent-exposed exchangeable protons, since H2O is a good 
hydrogen-bond donor and acceptor,12 Me2SO is a good hydro
gen-bond acceptor, and HFIP is a poor hydrogen-bond acceptor. 
Changes in S with solvent are also as expected; that is, they too 
decrease in the order H2O > Me2SO > HFIP (Table II).13 

(12) It has been suggested that a hydrogen bond with a sugar hydroxyl 
acting as a donor and H2O as an acceptor is strengthened by that same sugar 
hydroxyl simultaneously serving as an acceptor in a hydrogen bond with H2O.6 

It has also been suggested that in amides two hydrogen-bonding interactions 
contribute to downfield shifting of the amide3* proton: (1) the amide group 
serving as a hydrogen-bond donor through the amide proton and (2) the amide 
group serving as an acceptor through the carbonyl oxygen. 

(13) The 5 values and the interpretation in terms of hydrogen-bonding 
properties of the solvent are consistent with the greater value of 6 of glucose 
hydroxyl protons in H2O relative to Me2SO,6 with the greater value of <S for 
tetrapeptide amide protons in H2O relative to Me2SO14 and with the greater 
value of 5 of peptide and A'-methylacetamide amide protons in Me2SO relative 
to HFIP.15 



J. Am. Chem. Soc. 1983, 105, 6747-6749 6747 

We are currently seeking further explanation of the dependence 
of A6/ AT upon anomeric configuration by measuring temperature 
dependences in additional compounds and solvents and by 
measuring hydrogen-deuterium exchange rates. The dependence 
of A5/AT upon anomeric configuration and also its possible ra
mifications for other NMR conformational parameters such as 
rates of exchange with solvent protons10b,16 should be taken into 
consideration in future carbohydrate conformational analyses that 
employ these parameters. Such applications may become in
creasingly frequent as the recent advances in the identification 
and availability of biologically important carbohydrates continue. 
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(14) (a) Bundi, A.; Wuthrich, K. Biopolymers 1979, 18, 285-297. (b) 
Bundi, A.; Grathwohl, C; Hochmann, J.; Keller, R.; Wagner, G.; Wuthrich, 
K. J. Magn. Reson. 1975, 18, 191-198. 

(15) Kopple, K.; Schamper, T. J. In "Chemistry and Biology of Peptides, 
Proceedings of the American Peptide Symposium, 3rd"; Meienhofer, J., Ed.; 
Ann Arbor Science: Ann Arbor, MI, 1972; pp 75-80. 

(16) (a) Olberholtzer, J. C; Englander, S. W.; Horwitz, A. F. Biochem
istry 1981, 20, 4785-4792. (b) Englander, J. J.; Calhoun, D. B.; Englander, 
S. W. Anal. Biochem. 1979, 92, 517-524. 
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X-ray crystallographic studies on porphyrins1,2 have long shown 
that slight deviations from coplanarity of the macrocyclic core 
may occur, usually as a "ruffling" of essentially planar pyrrolic 
subunits. It is often assumed that such distortions derive prin
cipally from crystal packing forces. This phenomenon is best 
exemplified by the two dimorphs of nickel octaethylporphyrin 
where in one modification3 all four pyrrolic rings are coplanar 
while in the other4 the pyrrolic rings are alternately tilted by ~14° 
with respect to the median plane. We wished to examine more 
highly deformed porphyrin derivatives, to ascertain whether such 
deformations might be of importance in their chemistry (as, for 
example, the relation of doming to hemoglobin cooperatively5), 
and to establish the limits beyond which deformation results in 
a loss of stability or aromaticity of the system, system. 

A logical approach to a permanently deformed porphyrin 
suggests a covalent clasp or bridge be applied to diametrically 

(1) Scheidt, W. R. "The Porphyrins"; Dolphin, D., Ed.; Academic Press: 
New York, 1978; pp 463-511. 

(2) Meyer, E. F.; Cullen, D. L. In "The Porphyrins"; Dolphin, D., Ed.; 
Academic Press: New York, 1978; pp 513-529. 

(3) Cullen, D. L.; Meyer, E. F., Jr. J. Am. Chem. Soc. 1974, 96, 
2095-2102. 

(4) Meyer, E. F., Jr. Acta Crystallogr., Sect. B 1972, 28, 2162-2167. 
(5) Traylor, T. G. Ace. Chem. Res. 1981, 14, 102. 

600 X(nm) 

Figure 1. Optical spectra (CH2Cl2) of (A) etioporphyrin II, (B) 16, n 
= 11, (C) 16, n = 10, and (D) 16, n = 9. 
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opposed ^-positions. As a porphyrin is unlikely to bend to ac
commodate the formation of such a strap, we chose to construct 
a porphyrin system with the strap already in place following a 
strategy that we have previously employed for the preparation 
of covalently linked dimeric porphyrins.6 For reasons of stability 
we chose to employ a chain consisting solely of methylene units. 
The syntheses proceeded as outlined in the scheme7 to give the 
strapped bis(dipyrromethanes) 14, which were then cyclized under 
high-dilution conditions in the presence of toluenesulfonic acid. 
This intramolecular coupling proceeds through a porphodimethene 
intermediate, 15, in which opposite meso positions are sp3 hy
bridized. This allows for a folded tent-like geometry that can 

(6) Paine, J. B„ III; Dolphin, D. Can. J. Chem. 1978, 56, 1710-1712. 
(7) Satisfactory elemental analyses and NMR spectra (1H and 13C) were 

obtained for all new compounds. 
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