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isolated by fractionations with ion-exchange chromatogra­
phy.19 Peak 2 product was identified as 2-hydroxymethylgly-
cerol (1) by a direct comparison with authentic sample.20 Peak 
26 product was obtained in a crystalline form, mp 117.0 0C.21 

Its 13C NMR spectrum22 showed a pair of two equivalent 
CH2S, a CH, and two equivalent tertiary carbons. The mass 
spectrum23 of its trimethylsilyl derivative showed an intense 
peak at m/e 307 compared with peaks at m/e 103 and 205 
supporting the presence of -(OH)C(CH20H)2 group(s) in the 
parent compound.24 The results led us to assign structure 2 
(2,4-bis(hydroxymethyl)-l,2,3,4,5-pentanepentol) for peak 
26 product. Peak 19 product appeared to be a mixture of at 
least three components. Based on the spectral data,25 we ten­
tatively assigned this to be a mixture of three diastereomers 
of 3-hydroxymethyl-l,2,3,4,5-pentanepentol (3). 

The formation of these branched sugar alcohols may be 
rationalized by a conventional mechanism2-4 involving cu­
mulative aldol condensations of formaldehyde followed by 
cross-Cannizzaro reaction of their aldose precursors. The 
predominant formation of sugar alcohols instead of aldoses is 
probably due to enhancement of cross-Cannizzaro reaction at 
higher pH than that in the usual calcium hydroxide catalyzed 
formose reaction (near pH 11). To our best knowledge, no one 
has succeeded to obtain selective formation of particular sugars 
or sugar alcohols in'the formose reaction, except our previous 
report on the selective formation of 1 and pentaerythritol in 
a photochemical formose reaction.20 At moment there is no 
reasonable explanation for the occurrence of the present se­
lective formose formation. We are undertaking studies toward 
mechanistic elucidation of the selective formose reaction and 
a search of other types of selectivity. 
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Correlation of Electronic Spectra of 
Metalloporphyrins and Metalloproteins 

Sir: 

The visible and ultraviolet spectra of metalloporphyrins and 
metalloproteins have been extensively used in structural de­
terminations and to follow conformational and chemical 
transformations. There have been several studies concerning 
the effect of axial ligation on the optical transitions.1-3 Of the 
three kinds of interactions—metal-porphyrin, metal-ligand, 
and ligand-porphyrin—the stereoelectronic effect of ligand 
on the w orbitals of porphyrin is thought to be most important. 
The result is a red shift of the Soret band while the effect on 
the a and f3 bands is either a hyposochromic or bathochromic 
one. However, these studies are often complicated by not 
knowing with certainty whether the metalloporphyrin has one 
or two axial ligands. 

Recently, several laboratories have synthesized and char­
acterized metal-substituted hemoglobins.4-10 The reduced state 
metal ion is five coordinated with His F8 as the axial ligand; 
the metal ion is six coordinated in the oxidized state with either 
H2O or an anion as the second axial ligand. We have now 
synthesized many metal-substituted cytochromes c. The co­
balt,11,12 copper,13 nickel,14 and zinc15 derivatives are all six 
coordinated; one of the axial ligand in these compounds is His 
18 while the second axial ligand is Met 80.12'16 The only ex­
ception in this series appears to be the manganese cytochrome 
c17 which is five coordinated. The purpose of this communi­
cation is to show definitive correlation of electronic transition 
energies with axial ligation in metalloporphyrins. 

© 1978 American Chemical Society 
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Table I. Visible Spectra of Metalloporphyrins and Metalloproteins 

Compd0 

Co-OEP 
Co-OEP 
Co-Hb 
Co-cyt c 
Cu-OEP 
Cu-OEP 
Cu-PPIX-py 
Cu-cyt c 
Ni-OEP 
Ni-OEP 
Ni-PPlX 
Ni-PPlX-py2 

Ni-cyt c 
Zn-OEP 
Zn-OEP 
Zn-Hb 
Zn-cyt c 
Mn-OEP 
Mn-OEP-Py2 

Mn-(meso PIV DME)py2 

Mn-Hb 
Mn-cyt c 
Co-(OEP)+Br--py 
Co-Hb+ 

Co-cyt C+ 

Mn-(OEP)+Cl-

Mn-Hb+ 

Mn-cyt C+ 

Fe-OEP+Cl-
Fe-Hb+-H2O 
Fe-Hb+-F-
Fe-Hb+-OAc-
Fe-Hb+ -HCO 2 -
Fe-Hb+-CN-
Fe-Hb+ -N 3 -
Fe-cyt c+ 

Fe-OEP 
Fe-OEP 
Fe-OEP-py2 

Fe-OEP-py2 

Fe-Hb 
Fe-cyt c 

Solvent 

Vapor 
Benzene 
p H 7 
p H 7 
Vapor 
Benzene 
Toluene 
p H 7 
Vapor 
Dioxane 
MTE 

py 
p H 7 
Vapor 
Dioxane 
pH 7 
p H 7 
Vapor 
CH2Cl2 

p y / H 2 0 
p H 7 
p H 7 
Benzene 
p H 7 
p H 7 
Oil 

p H 7 

p H 7 

CH2Cl2 

pH6.4 
pH7.0 
pH7.0 
pH7.0 
pH7.0 
pH7.0 
pH7.0 
Vapor 
CH2Cl2 

CH2Cl2 

py 
p H 7 
p H 7 

a 

MO* 
554 
552.5 
552(17) 
549(11.6) 
566 
561.5 
573 
577 (9.6) 
558 
551 (33.1) 
562 
566 
578 (5.6) 
572 
572(24.5) 
587(6.8) 
585(7.9) 
574.5 
581 
581 (8.3) 
585 
584 (9.6) 
568(11.7) 
572 (9.0) 
567(7.77) 
591 

558 

548(10.8) 

631 (4.4) 
605(10.9) 
620 (5.5) 
620(5.8) 

575 (9.9) 
558 (sh) 
563.5 
556 
543 
548(19.9) 
555(12.5) 
550(29.5) 

&vc 

50 
66 

165 

141 
- 2 1 6 
-337 

228 
-127 
- 2 5 3 
- 6 2 0 

O 
-447 
- 3 8 9 

- 1 9 4 
- 1 9 4 
- 3 1 2 
- 2 8 3 

540(12.5) 

240 
670 
502 
272 
436 

8 
MO 

525 
519 
523 (sh) 
520(9.1) 
531 
525 
536 
545(12.9) 
522 
516(11) 
524 
528 
545(11.2) 
535 
536(22.9) 
550(8.4) 
549(15.5) 
542.5 
547 
549(16.5) 
555 
552(15.3) 
537(13.2) 
538 (9.0) 
530(6.1) 
561 

550 

538(9.6) 

500(10.0) 
483(10.3) 
497(10.5) 
496 (9.2) 

540(128) 
530(11.0) 
540 
531 
512 
518(14.2) 
523 (sh) 
520 

Ae 

220 
73 

183 

216 
- 1 7 5 
- 4 8 3 

223 
- 7 3 

-217 
- 1 9 2 

- 3 5 
-509 
- 4 7 7 

-151 
- 2 1 8 
- 4 1 5 
-317 

314 
1013 
787 
602 
713 

"0 ~ "ad 

998 
1168 
1005 
1016 
1164 
1239 
1205 
1018 
1236 
1231 
1290 
1272 
1048 
1209 
1084 
1146 
1121 
1027 
1070 
1003 
924 
993 

1016 
1104 
1231 
905 

339 

4152 
4175 
3992 
4032 

1128 
947 
772 
846 

1115 
1057 
1102 
1049 

M>' 

135 
70 

174 

74 
-196 
- 4 1 0 

226 
0 

- 2 3 5 
- 7 1 4 

- 6 2 
-478 
- 4 3 3 

- 1 7 2 
- 2 0 6 
- 3 6 3 
- 2 9 9 

277 
842 
644 
437 
574 

Soret 

MO 
382.5 
394 
402(110) 
416.5(128.7) 
387.5 
398.7 
408 
422(138) 
384.5 
391(219) 
402 
431.5 
425(150.6) 
388.5 
407(417) 
423(122) 
423 (243) 
400.5 
418 
426(158) 
434(152) 
425(132.8) 
427 (95) 
426(99) 
426(106) 
473.5 
360 
468 
373 
461 
370 
378 
405(179) 
403(144) 
404(178) 
404(178) 
419(124) 
417(134) 
410 
410.5 
405.5 
408 
400(125) 
430(133) 
416(129.1) 

Ac 

- 7 6 3 
-1268 
-2134 

- 7 2 6 
-1296 
-2109 

-432 
-1132 
-2833 
-2478 

-1170 
-2099 
-2099 

-1046 
-1494 
-1927 
-1440 

-1764 
-1641 
-1702 
-1702 
-2589 
-2474 
-2065 

+300 
+ 149 

639 
-1105 

- 3 2 3 

Ref 

18 
18 
6 

11 
18 
18 
13 
13 
18 
21 
14 
14 
14 
18 
21 
22 
15 
18 
18 
21 
23,24 
17 
18 
6 

11 
18 

23 

17 

18 
25 
25 
25 
25 
25 
25 
26 
18 
18 
18 
21 
11 
26 

" OEP = octaethylporphyrin, Hb = hemoglobin, cyt c •• cytochrome c, PPIX = protoporphyrin IX, py 
- i , 

; pyridine, MTE : 

b Absorption maximum, nm (extinction coefficient, mM_l cm -1). c Shift from band in vapor phase, cm-1. d Separation of a and 
cm-1. e Shift of the center of the aQ bands from that in vapor phase, cm-1. 

methylthioethanol. 
bands, 

Table I summarizes known spectra! data on metal-substi­
tuted metalloproteins along with some results on metallopor­
phyrins. The vapor phase spectra of metallooctaethylporphy-
rins18'19 serve as reference states free of axial ligands. These 
spectra were obtained between 300 and 400 0C. The increase 
of temperature has been shown not to affect the Soret band but 
shifts20 the visible bands 5-7 nm to the red, or about -200 
cm -1. 

We first consider the group of divalent Mn, Co, Cu, Ni, and 
Zn complexes whose spin multiplicity is not affected by ligation 
(group A). The first axial ligand shifts the Soret band by 
— 1286 ± 150 cm"'; the second axial ligand causes a shift of 
—2331 ± 360 cm-1. The ± sign here indicates the range of 
shifts and is not the standard deviation. According to this cri­
teria, Mn-cyt c is the only five-coordinated metal-substituted 
cytochromes c. This is consistent with all the observed prop­
erties of Mn-cyt c such as EPR spectra, half-reduction po­
tential, and ease of autoxidation and of reaction with nitric 
oxide. The Soret red shifts also suggest that Zn-Hb is six 
coordinated and that Mn-Hb is under some influence of a 

second axial ligand, which is likely to be the distal His E7. 
The separation of the a and /? bands is insensitive to axial 

ligation which all lie between 1000 and 1300 cm -1 (Table I, 
column 7). The visible bands appear to be blue shifted for Co 
proteins but red shifted in the other cases. This discrepancy is 
removed by taking into account the temperature effect men­
tioned above. By subtracting 200 cm"' from all of the values 
in columns 4, 6, and 8 of Table I, one obtains red shifts in all 
compounds. With the exception of Co, the other metal ions of 
this group are red shifted from 1.5-2 times greater with two 
axial ligands than with one ligand, Co being an exception for 
which the opposite is true. 

The a and /3 bands are assigned by Gouterman and co­
workers27 to be the Q(O-O) and Q(O-1) bands, respectively of 
the a2u(7r) -* eg*(7r) transitions; the Soret band is the 0-0 band 
of the aiu(7r) -* eg*(7r) transitions. Figure 1 shows the desta-
bilization of the aiu(ir) and aiuW orbitals by stereoelectronic 
repulsion due to axial ligands.28 

The effect of noncomplexing solvent is to shift the Soret 
band by -400 to -1200 cm-1; i.e., it can be as much as that 
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Figure 1. Effect of axial ligation on the energies of the porphyrin ir orbitals 
for group A divalent metalloproteins. 

due to a Lewis base axial ligand. Again taking into account the 
200-cm-' red shift of the reference compound's visible bands 
due to temperature, solvents have no effect on these bands of 
some complexes such as Co- and Ni-OEP but cause about 
-100 to -300-cm"1 shift in Cu and Zn porphyrins. 

We consider next the group A trivalent metalloporphyrins 
and metalloproteins. The cobalt(III) complexes in Table I have 
nearly identical Soret band frequencies; the center of the visible 
bands also lie within 260 cm -1 of each other. They are all 
six-coordinated complexes. Manganese(III) complexes have 
split Soret bands. The long-wavelength band is blue shifted by 
~400 cm -1 in Mn-Hb+ and Mn-cyt C+, while the short-
wavelength band is red shifted by ~850 cm - ' . So the two Soret 
bands are ~1250 cm -1 closer together than in the mangan-
ese(lll) porphyrin. The midpoints of the two Soret bands of 
these manganese(III) compounds differ by <300 cm -1. It 
seems that the Soret band is not significantly shifted by axial 
ligands for cobalt(III) and manganese(III) porphyrin com­
plexes. 

Iron porphyrins and heme proteins differ from those of group 
A above in that the spin multiplicity of iron and/or its out-
of-plane displacement depend upon axial ligation. Conse­
quently, their stereoelectronic spectral shifts should reflect 
these complications. For instance the Soret red shift by one 
axial ligand in deoxyhemoglobin is greater than by two axial 
ligands in ferrocytochrome c. Furthermore, the visible bands 
are blue shifted by +237 cm -1 in Fe-Hb and +274 cm -1 in 
F-cyt c. For the iron(III) porphyrins there is no vapor phase 
spectrum to make comparisons. Instead we compare the 
spectra of methemoglobins25 and ferricytochrome c with that 
of Fe-OEP+Cl- in CH2CI2. High-spin methemoglobins have 
Soret bands shifted by about —1700 cm-1; the low-spin 
methemoglobins have greater red shifts of —2100 to —2600 
cm-1. This indicates greater stereoelectronic effects in the 
latter because the Fe atom is in-plane29 and His F8 lies closer 
to the porphyrin plane than in the high-spin species. The center 
of the visible bands are all situated at 18270 ± 346 cm -1. 
However, the separations between the a and /3 bands are much 
greater in the high-spin methemoglobins (~4100 cm -1) than 
the low-spin methemoglobins and ferricytochrome c, which 
are normal.30 

In conclusion the following rules for stereoelectronic shifts 
by axial ligation for metalloporphyrins and metalloproteins 
are proposed. (1) For group A divalent metals, the Soret and 
the center of the visible bands are shifted by —1286 ± 150 

cm"1 and -410 ± 20 cm-1, respectively, by one axial ligand; 
the corresponding shifts are increased to -2331 ± 360 cm"1 

and —760 ± 150 cm - ' by two axial ligands. The separation of 
the a and /3 bands are not sensitive to axial ligation. (2) For 
group A trivalent metals, the Soret band remains the same for 
different complexes; the visible bands can be either red or blue 
shifted. (3) For iron(III) complexes the Soret red shift is about 
-1700 cm-1 for high-spin species; it is -2350 ± 250 cm -1 for 
low-spin species. The a and /3 bands are separated four times 
greater in the high-spin species. (4) The Soret bands of iron(II) 
species are red shifted less by two axial ligands than by one, 
whereas the visible bands are blue shifted. It is important to 
note that the rules are referenced to the vapor spectra of me-
tallooctaethylporphyrins. 

Acknowledgment. The author thanks the National Institute 
of Heart and Lung (National Institutes of Health) for Grant 
HL 14270 supporting this work. 

References and Notes 
(1) A. H. Corwin, D. G. Whitten, E. W. Baker, and G. G. Kleinspehn, J. Am. 

Chem. Soc, 85, 3621 (1963). 
(2) E. W. Baker, M. S. Brookhart, and A. H. Corwin, J. Am. Chem. Soc, 86, 

4587(1964). 
(3) C. B. Storm, A. H. Corwin, R. R. Arellano, M. Martz, and R. Weintraub, J. 

Am. Chem. Soc, 88, 2525 (1966). 
(4) B. M. Hoffman and D. H. Petering, Proc Natl. Acad. Sci. U.S.A., 67, 637 

(1970). 
(5) J. C. W. Chien and L. C. Dickinson, Proc. Natl. Acad. Sci. U.S.A., 69, 2783 

(1972). 
(6) L. C. Dickinson and J. C. W. Chien, J. Biol. Chem., 248, 5005 (1973). 
(7) L. C. Dickinson and J. C. W. Chien, Biochem. Biophys. Res. Commun., 51, 

587(1973). 
(8) J. C. W. Chien and F. W. Snyder, J. Biol. Chem., 251, 1670 (1976). 
(9) L. C. Dickinson and J. C. W. Chien, J. Am. Chem. Soc, 97, 2620 

(1975). 
(10) T. Yonetani, H. Yamamoto, and T. lizuka, J. Biol. Chem., 249, 2168 

(1974). 
(11) L. C. Dickinson and J. C. W. Chien, Biochemistry, 14, 3526 (1975). 
(12) L. C. Dickinson and J. C. W. Chien, Biochemistry, 14, 3534 (1975). 
(13) M. Findlay, L. C. Dickinson, and J. C. W. Chien, J. Am. Chem. Soc, 99, 

5168(1977). 
(14) J. C. W. Chien and M. Findlay, Eur. J. Biochem., 76, 79 (1977). 
(15) M. Findlay and J. C. W. Chien, unpublished results. 
(16) J. C. W. Chien, R. P. Ambler, D. J. Cookson, L. C. Dickinson, G. R. Moore, 

and R. J. P. Williams, "NMR in Biology", I. D. Campbell, R. A. Dwek, R. E. 
Richards, and R. J. P. Williams, Ed., Academic Press, New York, N.Y., 
1977. 

(17) L. C. Dickinson and J. C. W. Chien, J. Biol. Chem., 252, 6156 (1977). 
(18) L. Edwards, D. H. Dolphin, and M. Gouterman, J. MoI. Spectrosc, 35, 90 

(1970). 
(19) L. Edwards, M. Gouterman, and C. R. Rose, J. Am. Chem. Soc, 98, 7638 

(1976). 
(20) In this paper, red or bathochromic shifts in energies are given as negative 

quantities whereas hypsochromic or blue shifts are given as positive 
quantities. 

(21) K. M. Smith, "Porphyrins and Metalloporphyrins", Elsevier Scientific, New 
York, N.Y., 1975, pp 884-886. 

(22) J. J. Leonard, T. Yonetani, and J. B. Callis, Biochemistry, 13, 1460 
(1974). 

(23) B. M. Hoffman, Q. H. Gibson, C. Bull, R. H. Crepeau, S. J. Edelstein, R. G. 
Fisher, and M. J. McDonald, Ann. N.Y. Acad. Sci., 244, 174 (1975). 

(24) M. R. Waterman and T. Yonetani, J. Biol. Chem., 245, 5847 (1970). 
(25) E. Antonini and M. Brunori, "Hemoglobin and Myoglobin in Their Reactions 

with Ligands", American Elsevier, New York, N.Y., 1971, p 45. 
(26) Y. P. Myer, J. Biol. Chem., 243, 2115 (1968). 
(27) M. Zerner, M. Gouterman, and H. Kobayashi, Theoret. Chim. Acta, 6, 363 

(1966), and references cited therein. 
(28) One of the referees pointed out that the Q and B bands of porphyrin have 

been interpreted as arising from states with extensive configuration int-
eration (nearly 50-50) of a2u(;r) -» eg(jr*) and aiu(jr) -> e2(;r*). Thus, if 
only orbital energies were involved in spectral shifts, both Q and B bands 
should shift together. Since this is not the case, Figure 1, which interprets 
greater Soret shifts to a greater shifting of aiu(x), is an oversimplification. 
Because a i j i r ) has nodes through the central atoms, it is generally in­
sensitive to effects such as ligation. It was suggested that the greater shifts 
of the Soret band are probably associated with its higher energy, making 
it closer to the transitions of the ligand and hence more subject to inter­
action. 

(29) M. F. Perutz, Nature, 228, 726 (1970). 
(30) The assignments here are rendered somewhat uncertain because of 

possible contributions from the charge-transfer bands.27 

James C. W. Chien 
Department of Chemistry, Materials Research Laboratories 

University of Massachusetts, Amherst, Massachusetts 01003 
Received January II, 1977 


