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Fingerprinting Petroporphyrin Structures with Vibrational Spectroscopy. 4. Resonance
Raman Spectra of Nickel(ll) Cycloalkanoporphyrins: Structural Effects Due To Exocyclic
Ring Size
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Nickel(ll) complexes of cycloalkanoporphyrins (CAPSs) bearing a saturated carbon ring of varying size between
pyrrole G and methine bridge carbon atoms are widespread in crude oil and related organic rich sediments. We
have synthesized a series of NiCAPs contaimegsq;-ethano (NiCAP5)mesqj3-propano (NiCAP6), anthesq3-

butano (NiCAP7) groups and applied U¥Visible absorption and resonance Raman (RR) spectroscopies to
investigate the effects of the exocyclic ring size on the porphyrin structure and to establish vibrational CAP
marker frequencies for petroporphyrins in fossil fuels. The RR spectra of NiCAPs, excited at or near porphyrin
Soret ¢~400 nm) and Q (516580 nm) bands are informative and display a rich array of skeletal and alkyl
substituent modes. High-frequency (1301700 cnT?) structure-sensitive RR bands shift down considerably

(up to 24 cn1?) with increasing size of the exocyclic ring, implicating increased nonplanar distortions of the
tetrapyrrole macrocycle. Unlike in other petroporphyrins studied thus far, etio- and tetrahydrobenzoporphyrins,
out-of-plane distortions of the porphyrin imposed by thesqj3-cycloalkano ring are also sufficient to destroy

the center of symmetry of the porphyrinsystem and produce significant enhancement of the IR-actig&dtetal

modes in the Q-band-excited RR spectra. The-Wisible absorption spectra also vary with the size of the
exocyclic ring; both the Soret and Q bands progressively red shift as the cycloalkano chain becomes longer,
implying a destabilization of the two highest occupiearbitals in NIiCAP6 and NiCAP7. In addition, the size

of the exocyclic ring in NiCAPs can be readily determined from the frequency of8@0 cnt! marker band

and the characteristic patterns of skeletal and substituent bands in thd 200 andv4 (~1380 cnT?) regions.

Introduction

The discovery of metalloporphyrins in crude oil by Alfred
Treibs in the mid-1930grovided the first conclusive evidence
for the biological origin of petroleur. He tentatively identified
two major metalloporphyrins, the oxovanadium(IV) (vanadyl)
chelates of etioporphyrin-1ll (Etio-11l) and deoxophylloeryth-
roetioporphyrin (DPEP), and propogéthat these compounds
were derived from heme and chlorophg/lrespectively. Some
30 years later, mass spectrometric stuitiegealed that complex
mixtures of metalloporphyrins related mainly to Etio-1ll and
DPEP were in fact present in a variety of organic-rich
sedimentary materials. Both DPERBNd Etio-IIP have now

been isolated from oil shales and unambiguously characterized

by nOe difference proton NMR spectroscopy, and the structur
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of (VO)DPEP has been confirmed by X-ray crystallography.
However, many additional porphyrins with diverse carbon
skeletons have also been identified! and these geological
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pigments, generally called geoporphyrins or petroporphyrins, NATURAL CYCLOALKANOPORPHYRINS
have emerged as unique and sensitive indicators of the pale-
odepositional environment and diagenetic (tintemperature) Et Me

history of the sedimentary rocks important to petroleum  we Et
exploration?t-8e.12 For example, comparisons of paleoenviron-
mental parameters, organic geochemical biomarkers, and petropor-

phyrin distributions have shown that certain porphyrin distri- ™ Y M
butions can be used to distinguish lacustrine, hypersaline &
lacustrine, and marine depositional environmégfts! (a) DPEP (b) 13'-MeDPEP

In oil shales and petroleum, petroporphyrins occur almost
exclusively as the nickel(Il) and vanadyl complexes, although
metal-free porphyrirf§3and traces of iroH and copper(1§°15
porphyrins have been detected in immature sediments. The most
widespread structural type of petroporphyrins contains a satu-
rated carbon exocycle (five to seven carbons) between a pyrrole

Et Me

Et Me

p-carbon and thenesecarbon of the tetrapyrrole macrocycle
(Figure 1). This family of petroporphyrins is collectively known

as cycloalkanoporphyrins (CAPs). Among these, the skeletons

with five-membered exocyclic rings {d) predominate, prima-

rily because the chlorophylls are major biological precursors

to fossil porphyrin pigment3. The origin of the most common

CAP, DPEP (a), is now well established as the degradation

product of chlorophylla by a series diagenetic steps often
referred to as the “Treibs scheme” after Alfred Treibs who first
proposed them 60 years afb.Several modifications to the

COH
(d) 15%-MeCAPS5-H (e) THB-DPEP .
(f) "Bacteriopetroporphyrin”

Me

Cr X ™
Rr2 R’

(g) 15,17-Propanoporphyrins (h) 15,17-Butanoporphyrins

original proposal have been made based on more recent studies

of petroporphyrins in sediments of very low maturity giving
rise to a modified Treibs schem. The origin of other less
abundant CAPs includinmesqg}-propanoporphyrins (CAP6s)
(g) andmesqg3-butanoporphyrins (CAP7s) (h) are still a subject
of debate. Cyclization of the propionic acid side chain at

position C-17 in chlorophylls has been proposed as the source

of CAP7s%® The formation of 15methyl CAP6s is more
enigmatic. The only known biological tetrapyrrolic pigment

containing a six-membered exocyclic ring is the nickel archae-

bacterial pigment Factor4k1® However, if this compound

SYNTHETIC MODELS

(i) NiCAP5 (i) NiICAP& (k) NiCAP7

Figure 1. Representative cycloalkanoporphyrins from geological

were the source of CAP6 petroporphyrins, then extensive andsources (a-h) and their synthetic models studied in this workK).

regioselective loss of multiple functional groups and alkyl sub-

stituents would be required. In addition, the selective introduc-

tion of a methyl substituent on the six-membered exocyclic ring
would be needed. A more likely possibility is that a common

Natural petroporphyrinsusually occur in the form of the vanadyl
(primarily) or nickel(ll) chelates: R= H, CH;, or CH,CHs; Ry = H,
CHs, or CH,CHjs; R, = H or CHs. DPEP (a) and its 13-methyf® (b),
13*-methyfd (c), and 7,8-butano (tetrahydrobenzo-DP¥Re) deriva-
tives, like chlorophyll, have the five-membered ring exocyclic between

intermediate leading to the CAP7s undergoes a carbocationgarhons 13 and 15, right side, whereas larger ring sizes are located on

rearrangement that results in a ring contractibriThe ability

the left side between carbons 15 and 17 (g,3ynthetic mode)she

to determine the structures of the minor porphyrin components synthetic NiCAPs used in this work-tk), are symmetrical on the top
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half and hence the exocycle can be considered either on the left or
right side, and a left convention was chosen throughout this work. These
CAPs can also be considered derivatives of Etio-Il in that the relative
arrangements of methyl and ethyl substituents are the same.

will be crucial in identifying the sources and diagenetic pathways
leading to the final sedimentary tetrapyrroles.

Spectroscopic probes of petroporphyrin structure are needed
to aid in determining and differentiating the numerous porphy-
rins known to exist in petroleum and related deposits. In this
regard, resonance Raman (RR) spectroscopy has been particu-
larly successful in elucidating metalloporphyrin structural
features and dynamid8jncluding the effects of the porphyrin’s
central metal and peripheral substituents upon the conformation
of the macrocycle. Previously, we showgthat the strongest
RR band in the Soret-excited spectrum of (VO)Etios arises from
the characteristic vanadyl stretch at 991 émand that many
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Figure 2. UV —visible spectra of nickel(ll) complexes of CAP5, CAP6,

and CAP7 in CHCI; solution (normalized to Soret band). Conditions:
average of three scans each; resolution, 2 nm.
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(VO)Etio high-frequency vibrations associated mainly with
pyrrole GCs and methine bridge L, stretching modes have
significantly lower (14-28 cnT?) frequencies than their cor-
responding modes in NiEtios, enabling the two petroporphyrin
families to be readily distinguished. We have also demonstrate
the potential of RR spectroscopy, especially with the porphyrin
Q-band absorption excitation, to differentiate petroporphyrin
positional isomers via significant differences in the 73050
cm ! alkyl substituent vibrations of NiEtio isomers-IV.19:20

Inorganic Chemistry, Vol. 35, No. 1, 19901

Table 1. UV—Visible Absorption Maxima (nm) and Relative
Absorbances for Nickel Complexes of Cycloalkanoporphyrins

Amax absorbance ratio
porphyrin  Soret (0] Qo Soret/Q Soret/@Q Qo/Q:
NiCAPY 3929 513.7 5505 18.88 9.74 1.94
NiCAP6  397.7 520.0 554.8 19.23 10.79 1.78
NiCAP7 402.8 526.5 561.0 20.13 13.73 1.47

a2 Spectra in methylene chloride solutidiiNumbers indicate the size
of the mesqgj-alkano ring.

viously reported?2* The nickel complexes were obtained by refluxing
the corresponding free-base porphyrin with nickel acetate in dimeth-
ylformamide® followed by thin layer chromatography (Absorbosil from
Alltech, 250um, developed with carbon disulfide). The RR spectra
were obtained with a Coherent K-2 Kion laser excited at or near the
absorption maxima of the porphyrin Soret and Q bands with 406.7
(violet), 530.9 (green), and 568.2 nm (yellow) lines. Essentially all of
the Raman-active fundamental modes can be identified in the spectra
by using these three excitation wavelengths, as previously demonstrated
by studies of Ni complexes of octaethylporphyrin (OBP)nese
tetraphenylporphyrin (TPFY, etioporphyrins +1V,1%20 and four iso-
meric tetrahydrobenzoporphyrins (THB®).The scattered photons
were collected via backscattering geometry from spinning NMR 8bes

in solution (~1 mM in carbon disulfide). Conventional scanning
Raman instrumentation equipped with a Spex 1403 double monochro-
mator and a Hamamatsu 928 photomultiplier detection system was used
to record the spectra under the control of a Spex DM3000 microcom-

gputer systend? Raman data were obtained at 0.5-érimcrements with

integration times b1 s per point for all spectra. Three scans were
averaged to improve signal to noise ratios. Raman data manipulation
was performed using LabCalc software (version A2.23; Galactic
Industries, Inc.) on a 486-DX 33 MHz PC microcomputer. Solvent
bands were routinely subtracted using reference spectra collected under

In another recent study, we established structure marker bandsdentical conditions of scan rate and slit width utilizing the LabCalc

unique to tetrahydrobenzoetioporphyrins, assigned vibrational subroutines. The quality of the observed Raman signal in most scans
modes related to the tetrahydrobenzo exocyclic ring, and showedwas sufficiently high that baseline correction or smoothing were
that RR spectroscopy can distinguish petroporphyrin positional required only for Q-band low frequency region and all the plots shown

isomers possessing the same overall symniétry.
In this paper, the question ofiesgj-alkano exocyclic ring
involvement in the NiCAP vibrational spectra is examined for

in this work are on the uncorrected data. A Hewlett-Packard 8-pen
ColorPro graphics plotter was used for hard copy output of spectra.

Optical absorption spectra were obtained in methylene chloride with

the first time using resonance Raman spectroscopy. Both thel-mm quartz cell using an HP-8542 diode array spectrophotometer.

Soret- and Q-band excitation were used to obtain high-quality
RR spectra of the nickel(ll) complexes afesqg}-ethano-
(NiCAPS5), mesq3-propano- (NiCAP6), andnesqg3-butano-
porphyrins (NiCAP7). UV-visible absorption spectra of the
three metalloporphyrins were also obtained, which reveal a
systematic bathochromic shift of the Soret and Q bands with
increasing size of thmesqgj3-alkano exocycle. Specific Raman
modes that are perturbed by this type of petroporphyrin structural
motif and that distinguish each of the NiCAPs are identified.
In particular, the increase in size of the cycloalkano exocyclic
ring leads to a decrease in the porphywitonjugation which

The concentration of each metalloporphyrin was adjusted such that the
maximum absorbance (Soret) was about 1 absorbance unit. Resolution
of the diode array was 2 nm; however, reproducibility of the absorption
maxima wavelengths, both Soret and Q bands, were found to be better
than 0.2 nm. Three spectralas integration time each were averaged.
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in turn causes a decrease in the frequency of the porphyrin(23) (a) Lash, T. D.; Quizon-Colquitt, D. M.; Shiner, C. M.; Nguyen, T.

structure-sensitive vibrational modes. The RR spectra also can

be used to identify the NIiCAPs and to elucidate the conforma-
tional differences between them.

Experimental Section

Materials and Methods. The syntheses of the free-base cycloal-
kanoporphyrins used in this work,,8AP5 = 15,17-ethano-3,7,13-
triethyl-2,8,12,18-tetramethylporphyrin, ,8AP6 = 15,17-propano-
3,7,13-triethyl-2,8,12,18-tetramethylporphyrin,,GAP7 = 15,17-
butano-3,7,13-triethyl-2,8,12,18-tetramethylporphyrin, have been pre-
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Table 2. Observed RR Frequencies (chhand Assignments for Ni(ll) Complexes of Etio-Il and Cycloalkanoporphyrins: CAP5, CAP6, and

Czernuszewicz et al.

CAPP
RR frequencies

I Etio-II CAP5 CAP6 CAP7 assignment
dp? 1655 1651 1645 1640 v10 (B1g)
p 1607 1607 1603 1596 V2 (A1g)
ap 1603 1601 var (BEy) ©
ap 1603 1595 1583 1578 V19 (Azg)
dp 1579 1576 1574 1570 v11 (B1g)
ap 1554 1535 1528 vas (Ey)
p 1522 1535 1515 1511 v3 (A1g)
o] 1484/1499/1520 1482/1492 1475/1490 Lkis-R; CH def-Et,Mé
ap 1486 1486 CH scis-R; CH def-Et,Me
ap 1486 1489 1482 Va9 (Ey)
dp 1483 1482 1480 1474 V28 (B2g)
ap 1463 1465 CHiscis-Et
p 1443/1434/1420 1437/1426 1439/1423 Lelis-Et
dp 1409 1403 1410 1408 V29 (B2g)
ap 1398 1398 1398 1397 V20 (Azg)
dp 1383sh 1384 V12 (Blg)
p 1381 1379 1381 1376 V4 (A1g)
dp 1370 1370 1370 CHumb-Me
p 1368 1367 1371 CHumb-Me
ap 1361 1361 CHs; umb-Me
ap 136% 1362 1363 va1 (Ey)
p 1347/1359 1348 1340/1323 Ghag-R
ap 1347 1348 1343 CHvag-R
ap 1327/1318 -- Chkiwag-R
p 1310 1310 1310 1312 Chlvag-Et
ap 1310 1310 -- Chiwag-Et
ap 1305 1284 1284 1284 V21 (Azg)
ap 1268 1267 1267 1266 Glivist-Et
o] 1258 1257/1267/1278 1255/1248 1264/1255 2 @tist-Et
p 1240 1241 1243 CHwist-R
dp 1226 1227 1226 1225 v13(B1g)
p 1178 1194 1178 Vs (A19-R
dp 1178 1186 1174 v14 (B1g-R
dp 1160 1155 1162 1157 V30 (Bag)
dp 1143 1146 1146 v14 (B1g)-Et,Me
p 1136 1129/1138 1135/1146 1137/1133 vs (A1g)-Et,Me
ap 1120 1121 1117 1118 V22 (Azg)
ap 1126 1128 vaa (Ey)
p 1098 1107 1113 1098 Ghilock-Et,Me
ap 1099 1089 1098 CHock-Et,Me
ap 1059 1059 1058 1060 v23 (Azg)
p 1059 1054 1054 1054 GHock
dp 1044/1029 1026 »(CC)-R
dp 1010 1001 100® 1001 va1 (Big)
dp 999 1001 100F 998 v(CC)-Et
p 989 995/989 998/989 998/985 v(CC)-Et
p 973 976 952 Chlrock-Et,Me
dp 948 942 931 927 v32 (B2g)
ap 918 919 924 920 CHock-Me
p 904 883 883/888 v(CC)-R
p 845 829 841/862 840 y10 (B1y), Y(CH)
ap 837 835 837 y19 (Eg), y(CH)
p 815 818 818 820 ve(A1g
dp 785/799 780 786 CHock-Et,R
p 782 7671796 769/796/807 769 CHbck-Et,R
dp 751 757 758 756 V15 (B1g)
dp 753 753 Vie (Blg)
dp 737 733 733 734 ys (A1), Pyr fold
p 676 705 705 707 v7 (A1g)
p 716 714 725 CHrock-R
dp 679 680 681 Chrock-R
p 619 615/610/605 595 0(CsC1C2)-R
p 584/599 593 584 0(CsC1Co)-R
ap 593 584 593 V24 (Azg)
ap 553 555 558 557 V25 (Azg)
p 562 555 558/567 552 0s (Eg), ¥(CsC1C2)asym
p 519 512 509/495 512 82 (A21), Y(CsC1C2)sym
dp 498/488 498 485 486 va3 (B2g)
p 485/443 478/450 486/453 d(CsCi1C)-R
p 408/382 419/403 415/411 413 04 (Bay), y(C4CiCo)-Et
dp 405 (5(C/;C1C2)-R
p 363 377 382/369 394 0(CsC1Cy)-Et
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Table 2 (Continued)

RR frequencies

I Etio-1I CAP5 CAP6 CAP7 assignment
p 353 354 354 361 v (A2y), Pyr tilt
p 341 342 342/325 344/361/320 vg (A1g
p 315 316 315 vs1 (Eg)

p 258 272/265 276/272 280/258 vy (A1g)
p 229 229 234 255/230 Y24 (A2
p 198

dp 198 206 199 201 V34 (B1g)
dp 170 168 V18 (Blg)

aObserved values from G&nd CHCI, (600—700 cnT?) solution RR spectra at room temperature. Assignments based on normal coordinate
analysis for NIOEP*38 and NiEtio-1#2 ®Key: p = polarized, dp= depolarized, and ap= anomalously polarized bandslR active modes,
tentative assignment.Key: scis= scissors, uml= umbrella, wag= wagging, twist= twisting, rock= rocking, def= deformation, and(CC)
stretching modes of the ethyl (Et) and methyl (Me) groups and exocyclic rings (Rjerlapping bands.

Results and Discussion Aex = 406.7 nm

o~
>
~
[+
©

1. Electronic Spectra and RR Enhancement.The UV— CAPS
visible spectra of NiCAPs follow that of the classical nickel

Via
1434
1440

a o o«
alkyl porphyring® with a strong Soret band and two Q bands ; ] 5 % § 8
in the deep violet and green-yellow regions, respectively. Figure ;i 3 g ‘%‘E 3 z
2 compares the absorption spectra of NiCAP5, NiCAP6, and o “;; 588 o T4 .
NiCAP7 in CHCI, solution. The peak maximalfa.y) and §— % b3 © =

Tmos=== 1379 vy

relative absorbance ratios are given in Table 1. There is a
bathochromic shift of about-56 nm for both the Soret and:Q
bands going from five to six member rings and six to seven.
The Q band also shifts to lower energies with increasing ring
size but less for 56 (~4 nm) than 6-7 (~6 nm). A progresive
broadening of the Soret (by1 nm) and Q bands (by3 nm)
is noted for the series (Figure 2). Also, the intensities of the Q
bands decrease relative to the Soret band as the cycloalkano
ring becomes larger; theg®and also loses intensity relative
to the Q band (Table 1). The bathochromic shift of the
absorption spectrum is expected with increasing nonplanarity
of the porphyrin macrocycl&. A similar shift but smaller is
observed between NiCAPs with increasing alkyl chain length
at position 132 As there is no change in the number of
electrons in ther cloud (i.e. no additional conjugation from,
for example, such substituents as the vinyl groups in protopor-
phyrin IX), the loss of overlap of the-bonds by the distortion
of the macrocycle raising the HOMO, but not the LUMO, could 1200 — "y Py P o
be a possible mechanism for the bathochromic $hift. o

The pattern of resonance enhancement is similar to those of avlem
NiEtios!®20and NiTHBP&! with polarized (p) bands dominating %“;lure ?f 406-7;':\1”,‘("?0“9(1 'g(* jspggtéi i&"ﬁ?ﬂ,')e'f)fp%e(rﬁﬁggfg)”'fnd
the 406.7-nm (violet), anomalously polarized (ap) bands the \.) Scattering ol illl) compiex * . '
530.9-nm (gre((an), a)nd depolarize)él F()dp) band(s ?f)le 568.2—nmCAP7 (bottom) €1 mM) in CS in the 1200-1700-cnT? region, where

A ” = . the most prominent porphyrin structure-sensitive vibrations occur.
(yellow) excitation spectra. Like for NiEtios and NiTHBPS,  conditions: backscattering from spinning NMR tube; 150-mW laser

the 706-1200-cnt! region with yellow excitation is most  power; 3-cmi® slit widths; average of three scans, each scan with 1-s

informative with respect to alkyl mod@&their strong enhance-  integration time per data point at 0.5-chincrements. Polarized @)

ment allowing identification of several CAP structure marker bands are correlated.

bands. These are discussed in detail below. All observed bands o ) ]

for the nickel complexes of CAP5, CAP6, and CAP7 are given €nhancement pattern, and relative intensity by comparison to

in Table 2 along with NiEtio-Il as a comparison. A number of those of NiEtio$® and NiOEP® _ _

new bands not seen in NiEtios and NiTHBPs are located, 2- In-Plane Skeletal Modes and Structure in Solution. a.

especially several moderately strong ap bands in the regions’he 1200-1700-cnt* Region. Figures 3-5 compare the RR

around 1120, 13001370, and 15001600 cntl. Assignments  SPectra of nickel complexes of CAPS, CAP6, and CAP7 in the

have been made based on band wavenumber, polarization1200-1700-cn*region, obtained in CSsolution with 406.7-,

530.9-, and 568.2-nm laser lines, respectively, where the many

(30) Gouterman, M. InThe Porphyrins Dolphin, D., Ed.; Academic  POrPhyrin structure-sensitive marker bands occur. The observed
Press: New York, 1978; pp-1165. frequencies for all in-plane porphyrin skeletal modes of the three

(31) é%) IAIdt?} Ej GA-; CcfﬁWfOf% 5983-:13108?7%56729?%”2% I'V'-ttR-? cycloalkanoporphyrins are tabulated in Table 3. Also given in
elnutt, J. . AM. em. S0 . elnutt, : iEtialll in.
J. A.; Medforth, C. J.. Berber, M. D.. Barkigia, K. M.: Smith, K. M. Table 3, for comparison purposes, are the NiEtio-Il in-plane

J. Am. Chem. S0d991, 113 4077-4087. (c) Medforth, C. J.: Senge,  Skeletal RR frequencies and the NiEtio-1 1300600 cni! IR

M. O.; Smith, K. M.; Sparks, L. D.; Shelnutt, J. 8. Am. Chem. Soc.  frequencies (E modes). In general, the porphyrin skeletal
1992 114, 9859-9869. e .
(32) Rankin, J. G. Ph.D. Dissertation, University of Houston, 1993. modes show some sensitivity to the presence of the exocyclic

(33) Barkigia,, K. M.; Renner, M. W.: Furenlid, L. R.; Medforth, C. .,  1ing in the three NiCAP structures. A comparison of the
Smith, K. M.; Fajer, JJ. Am. Chem. S0d.993 115 36273635. NiCAP5 and NiEtio-Il vibrational modes reveals that most of
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Figure 5. Same as Figure 3, but with 568.2-nm excitation and 24cm

Figure 4. Same as Figure 3, but with 530.9-nm excitation and 2%cm st widths, Depolarized (B, Bay) bands are correlated.

slit widths. Anomalously polarized () bands are correlated.
] ) ] involve stretching of the £-C,, bonds (see Table 3), have
the high frequency NiCAP5 modes are lower in frequgnpy (Up traditionally been used as indicators of the porphyrin core
to 9 cn* for v2y) than the corresponding modes of NiEtio-Il,  expansion (core size marker bands), because they consistently
except for thevs stretch at 1535 crt which is 13 cnt higher  gecrease in frequency when the size of the porphyrin cavity
than that of NiEtio-Il (1522 cm') (Table 3). In fact, the 1535-  jncreasedsa Simple linear empirical relationships have been
cm™* frequency of thevs mode appears to be unique to the gstaplished for metallo-OEP, between frequenciesspio,
CAPS structure as no other petroporphyrins studied so far showgndy,4 and a porphyrin core siZ8. Using those paramete#s,
such a high frequency for this mode, which typically occurs at an increase in core size would $6.015 A going from NiCAP5
1510-1520 cmt in alkyl porphyrins'® to NiCAP6 and from NiCAP6 to NiCAP7 based on the
Also Unique for NiCAP5 Only is the oxidation state marker respective/lo andvlg frequencies but0.04 A based oms for
mode,v4, which in alkyl porphyrins usually gives rise to the  NiCAP5 to NiCAP6 and only~0.01 A for NiCAP6 to NiCAP7.
strongest band near 1380 chin the Soret-excited spectrum.  Shelnutt and co-worketd3” noted considerable downshifts in
|ndeed, Figure 3 shows that thﬁmode can I‘eadily be identified these same bands for a series of h|gh|y distorted nickel
for NiICAP6 and NiCAP7 with the very strong polarized bands porphyrins, which they attributed to the nonplanarity of the
at 1381 and 1376 cm, respectively, but the NiCAP5 spectrum  macrocycle resulting from the steric crowding induced by the
in this region becomes unusually complicated and shows severakypstituent groups. Both ruffling and saddle distortions were
dramatically weakened polarized bands between 1350 and 138(}ep0rted_ They did state that for nonp|anar porphyrins the
cm™. In this case, unambiguous identification of theband relationship between core-size marker band Raman shifts and
must await testing for sensitivity to isotopic substitution of the sctual core size did not hold for highly distorted macrocy&fes.
pyrrole nitrogend®® However, it is interesting to note that  Because there is no reason to expect that the porphyrin cavity
chlorophyll a also shows a marked decrease in the intensity should increase in NICAPs merely because of different lengths
and splitting forv, relative to other band¥. This implies that  of the bridging alkano substituents, the substantial frequency
multiple components and decreased intensity ofsthenode depressions of the structure-sensitive bands going from NiCAP5
may be a characteristic feature of the petroporphyrin structureto NiCAP6 to NiCAP7 must rather be due to nonplanar
bearing a five-membered exocyclic ring. distortions. The distortion from planarity caused by increased
Careful examination of Figures-3 reveals that the high-  size of themesgs-alkano chain results in decreasedonjuga-
frequency in-plane skeletal bands are also influenced by the
size of themesqj-alkano ring. In particular, the structure- (36) Prendergast, K.; Spiro, T. @. Am. Chem. Sod.992 114, 3793-
sensitive mode® v,, vs, vio Vi1, vie, and vy, are all 3801.

systematically downshifted in frequency with increasing size @7 ,f/?gd%'r%'{"“gj 3] @én“gi{uwgf; SS'mpi‘t'r’]’S}E_ar,\l,l(_s;' ,\hiu?éi mblt_)jb,JL.l;D”
of the exocyclic ring. Thes mode shifts the most-24 cnt? Quirke, J. M. E.J. Raman Spectrost992 23, 523-529. (b) Sparks,
between NiCAPS5 and NiCAP7, followed by the (—17 cn~r1) L. D.; Medforth, C. J.; Phark, M. S.;hcrllamberlain, J. R.;hOndrias, M.
_ 1 : : : R.; Senge, M. O.; Smith, K. M.; Shelnutt, J. A. Am. Chem. Soc.
and vy (—11 cnt?) modes. These modes, which primarily 1993 115 581-592. (c) Stichtermath, A.. Schweitzer-Stenner, R.;
Dreybrodt, W.; Mak, R. S.; Li, X.-Y.; Sparks, L. D.; Shelnutt, J. A.;
(34) Lutz, M.; Robert B. IrBiological Applications of Raman Spectroscppy Medforth, C. A.; Smith, K. MJ. Phys. Chen1993 97, 3701-3708.
Spiro, T. G., Ed.; Wiley: New York, 1988; Vol. 3, pp 34411. (d) Sparks, L. D.; Chamberlain, J. R.; Hsu, P.; Ondrias, M. R.;
(35) Spaulding, L. D.; Chang, C. C.; Yu, N.-T.; Felton R.HAm. Chem. Swanson, B. A.; Ortiz de Montellano, P. R.; Shelnutt, J.Idorg.

Soc.1975 97, 25172525. Chem.1993 32, 3153-3161.
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Table 3. In-Plane Skeletal RR Frequencies (djnand Local Mode Assignments for Ni(ll) Complexes of Etio-ll, CAP5, CAP6, and CAP7

RR frequencies

sym Vi descriptiofi Etio-Il CAP5 CAP6 CAP7
Axg 2 v(CsCp) 1607 1607 1603 1596
V3 VY(CoCrm)sym 1522 1535 1515 1511
V4 v(Pyr half-ring}ym 1381 1379 1381 1376
Vs V(CsCr)sym 1136 1129/1138 1135/1146 1133/1137
Ve v(Pyr breathing) 815 818 818 820
vy S(Pyr defym 676 705 704 707
Vg 0(CsC1)sym 342 342/354 342/325 344/361
Vo v(NiN) 260 272/265 276/272 280/255
Big V10 (CoCrr)asym 1655 1651 1645 1640
V11 v(CsCp) 1579 1576 1574 1570
V12 v(Pyr half-ring}ym 1384 1383sh 1384
V13 O(CrH) 1226 1227 1226 1225
Vig W(CsCr)sym 1129 1143 1146 1146
V15 v(Pyr breathing) 751 757 758 756
Vie O(Pyr defyym 753 753
V17 6(CﬁC1)Sym 293
Vig v(NiN) 170 168
Aggy V19 V(CouCn)asym 1603 1595 1583 1578
V20 v(Pyr quarter-ring) 1398 1398 1399 1397
Va1 O(CrH) 1305 1284 1284 1284
V22 v(Pyr half-ringsym 1120 1121 1117 1118
V23 V(CgCy)asym 1059 1059 1058 1060
Vo4 O(Pyr defhsym 591 584 593
V25 O(Pyr rot) 553 555 558 557
Bag Va8 VY(CoCrm)sym 1484 1482 1481 1474
V29 v(Pyr quarter-ring) 1409 1403 1410 1408
vao v(Pyr half-ringsym 1160 1155 1162 1157
Va1 V(CgC1)asym 1010 1001 1001 998
V32 O(Pyr defhsym 948 942 931 933
V33 O(Pyr rot) 490 482 486 486
Va4 0(CsCr)asym 197 206 199 201
E, Va7 v(CsCp) [1602F 1603 1601
Vg V(CaCin)asym 1570 1554 1535 1528
V39 V(CoaCin)sym 1496 1489 1482
Vao v(Pyr quarter-ring) 1393
Va1 v(Pyr half-ring}ym [1363] 1361 1362 1363
Va2 O(CrH) 1230 1256 1256
V43 v(Pyr half-ringksym 1147
Vaa V(CpCr)sym 1125 1126 1128

aMode frequencies from GSolution RR spectra at room temperatl¥&ee refs 26 and 27 for local coordinate definitiohhis value from
KCI pellet FT-Raman spectrum (1068-nm excitation) of NiEti-hot observed in natural abundance NiEtios with visible excitations, but seen at
~1324 cntt in mesed, isotopomerd?32 d These g-mode frequencies from KBr pellet IR spectra of NiEtio-l. Values in brackets are calculated

frequencies, not observéd.

tion within the porphyrin macrocycles, hence weakening the
skeletal bonds and lowering the Raman frequencies.

whereas in NiDPE the corresponding angles where the exocyclic

Thisring is attached are 121 and Fl4espectively (rms of the bond

decrease in frequency of the structure-sensitive bands is commorangles is less tharf)l Porphyrin skeletal vibrations involving

to all nonplanar porphyrins studied so #4337:38 That the
porphyrin macrocycle deviates more from planarity in NiCAP6,7
than NiCAPS5, rather than expanding, is further evidenced in
the significantly increased half-band width of the structure-
sensitive RR bands (compare, exe modes in Figure 5).
X-ray crystallographic data are not available for any of the
NiCAPs studied by RR spectroscopy in this work. However,
the X-ray structure of nickel(ll) deoxophylloerythrin methyl
ester (NiIDPE) with a five-membered exocycle has been
reported®® This compound is closely related to the petropor-
phyrin DPEP (having 13,15-ethano chain) but still retains the
propionic acid side chain of chlorophylat position 17. The
triclinic crystalline NiDPE is slightly ruffle® Bond lengths
and angles for most of the molecule are within errors of
measurement to the orthorhombic NiEtio¥l.In contrast, bond
angles of NiDPE involving pyrrole C and the exocyclic ring
deviate significantly. For example, the,€C—C, angle in
NiEtio-lll is ~125 and the G—C,—Cn angle is ~124°,

(38) (a) Czernuszewicz, R. S.; Li, X.-Y.; Spiro, T. G&.Am. Chem. Soc.
1989 111, 7024-7031. (b) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid,
J. R.; Spiro, T. GJ. Am. Chem. S0d.989 111, 7012-7023.

(39) Petterson, R. GQl. Am. Chem. S0d.971, 93, 5629-5632.

stretching of bonds making up either of these angles are expected
to be perturbed; these structure differences, if present in
NiCAP5, may explain the significant upshift @ which is
primarily v(C,Cr) in character. Further, thegeCs—C, and
Cs—C;—C, angles are also distorted, which should affect
peripheral substituent modes. These are discussed below.

b. New Anomalously Polarized Bands.lIt is also interesting
to note that NiCAPs are unique in that they give rise to an
increased number of anomalously polarized bands in the RR
spectra as compared to NiEtios and NiTHBPs, which are best
seen with 530.9-nm excitation in Figure 4. Several of these in
the 1346-1365- and 1485-cr regions can be identified with
the CH wagging and scissoring motiofirespectively, of the
mesqg3-alkano ring methylene groups. While similar modes
are activated in NiEtios and NiTHBPs spectra, those modes
appear stronger as their p and dp combinations rather than
ap1%21 Why this is the case is not clear at this moment. In
addition, both the NiCAP6 and NiCAP7 show at least two more
ap bands+1320 cnt?) in the CH, wagging region, consistent

(40) Colthup, N. B.; Daly, L. H.; Wiberly, S. Bntroduction to Infrared
and Raman Spectroscap$rd ed.; Academic Press: Boston, MA,
1990.
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Figure 6. RR spectra in CSof Ni(ll) complexes of CAP5 (top), CAP6  Figure 7. Same as Figure 6, but with 530.9-nm excitation.
(middle), and CAP7 (bottom), obtained with 406.7-nm excitation in
the 600-1200-cnT! region. Solvent bands marked with asterisks. because of symmetry lowering and inversion center loss of the
Conditions: backscattering from spinning NMR tube; 150-mW laser porphyrin macrocycle due to asymmetric nonplanar distortion
power; Q-CnTl slit W|dth§; average of three scans, each scan with 1-s by the exocyclic ring. A loss of the center of symmetry, seen
integration time per point at 0.5-crhincrements. in crystal structures of NiDPE and (VO)DPEP, would lead to
RR activation of i modes which could become anomalously
polarized under resonance excitation conditibri vibrational
mixing with Axq skeletal modes. The two possible candidates
are thevs; (for the 1601-cm?® band) andvsg (for the 1526~
1550-cnT! band) skeletal modes involving predominantty
(CsCp) and v(CyCr)asym Stretches, respectively, because these
modes are observed (IR spectra) and calculated near 160 (
and 1570 cm? (vsg) for NiEtio-1.42 Several other candidates
for the E-derived vibrations in the high-frequency region are
the ap bands at 1489, 1362, and 1256 £ NiCAP6 (Figures
4 and 5), assignable t&(CyC)asym (v39), ¥(Pyr half-ring}ym
(v41), andd(CrH) (v42), respectively (Table 3), because (1) these
bands are either absent or very weak in NIiCAPS5, (2) they occur
even more strongly at 1482, 1363, and 1256 &rin the
z?;1pparently more distorted NiCAP7, and (3) these frequencies
correspond well to the NiEtio-I IR peaks at 14964, 1363
(v41) (calculated), and 1230 crh (v42).42

c. The 650-1200-cnT! Region. The midrange (65601200
cm1) RR spectra of the three NiCAPs obtained with the 406.7-,
530.9-, and 568.2-nm excitation wavelengths are presented in
Figures 6-8, respectively. Several noteworthy differences occur
in this region which allow one to differentiate NiCAPs from
other petroporphyrins characterized thus far, and to distinguish
each of the NiCAPs. The strongest dp band in the mid-range
of the 568.2-nm-excited spectra of NiEtios and NiTHBPs is
found near 750 cmt, assignable to the g pyrrole breathing
modev15.1°721 The corresponding band in NiCAPs shifts up
to ~757 cnt! and is only about one half as intense relative to
other skeletal vibrations (Figure 8). Cycloalkano ring size seems
to have little effect, less thatt1 cnt2, on the position of this

with the increased number of methylene groups relative to those
in NiCAPS5, albeit these bands in NiICAP7 are somewhat broad
and poorly resolved (Figure 4).

The most dramatic difference between the RR spectra of
NiCAPs, NiEtios and NiTHBPs, however, is the strong appear-
ance of new ap bands in NiCAPs above 1500 fFigure 5).

In the NiCAPS5 spectrum (top), one of these bands is located at
1554 cnt! which both significantly downshifts in frequency
and increases in intensity with elongated cycloalkano substit-
uents. The second ap band in this region appears only in
NiCAP6 (middle) and NiCAP7 (bottom), at1600 cnt?, again

the NiCAP7 band (1603 cm) being clearly stronger than that
of NiCAP6 (1601 cm?). A comparison of the three spectra
reveals that these spectral changes are associated with
concomitant marked decrease in the intensity of the dominant
porphyrin skeletal modesg; (6(CnH)) and vig (v(CoaCrm)sym),

on going from NiCAP5 to NiCAP6 to NiCAP7 (relative, for
example, tovs, v13, andvyg). Thewv,; andvig modes are found

at 1289 and 1595 cm, respectively, for NICAP5 and are-B
cmt lower in frequency than their counterparts in NiEtio-II
(Table 2). The ring size has a mixed effect on the frequency
of vyy; there is no change between NiCAP6 and NiCAP7 and a
5-cnT! downshift going from NICAP5 to NiCAP6. As
discussed above, the;g mode is influenced significantly,
shifting —17 cnt! between NiCAP5 and NiCAP7 due to
nonplanar distortions of the porphyrin macrocycle. Inasmuch
as the bands arising from the; and v vibrations are also
relatively weaker, these 1520555- and~1600-cn! ap bands

in NiCAPs most likely gain their intensities at the expense of
v21 andviyg by a redistribution of vibronic coupling that gives
rise to the Q absorption sideband. . (41) Clark, R. J. H.; Stewart, Btruct. Bonding (Berlin979 36, 1-80.

As for the assignment, these two new ap bands most likely (42) Hy, S.: Mukherjee, A.; Piffat-Mason, C.: Mak, R. S. W.; Li, X. -Y.;
originate from the IR-active skeletal modeg (ED4, Symmetry) Spiro, T. G. To be submitted for publication.
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identified with the asymmetric pyrrole half-ring stretchyo
(B1g).2® This mode can be weakly seen for NICAP6 at higher
frequency, 1162 crt, while in the NiCAP7, it is essentially
gone (only a very weak bump occurs near 1157-Hm
Interestingly however, thes, mode appears to regain intensity
when the NiCAP6 and NiCAP7 molecules are excited with a
530.9-nm laser line (Figure 7). With this excitation all three
NiCAPs show well-defined bands in the 1160-cnnegion of
nearly equal intensities, at 1155 (NiCAP5), 1162 (NiCAP6),
and 1157 cm! (NiCAP7), the perpendicular scattering com-
ponents of which are equal or exceed the parallel opes ).

This dispersion of the depolarization ratio further indicates that
the symmetry of the basic porphyrin ring is lower thag, in
NiCAPs as a consequence of nonplanar distortion which is
reflected in the downshifted structure-sensitive skeletal vibra-
tional modes discussed in the previous section. A similar
dispersion inp is seen for the 1186-cm band which shows

up only in the NiCAP6 spectra (Figures 7 and 8). This feature
appears to be characteristic of the NiCAP6 vibrational spectrum
as well. The origin of the 1186-ct band is not clear.
However, it is a good candidate for thegBnodevi4 involving

the exocyclic ring coordinates, because this frequency is close
to that of thevis mode of NiITBuP (TBuP= tetraf,s-
butanoporphyrin), 1165 cm.2! A dp band at 1174 cri in

the 530.9-nm-excited spectrum of NiICAP7 may arise from a
similar vibration, and thus shows exocycle ring size dependence.

The strong polarized band found at 1178 énn NiCAP5
spectra, particularly with 568. 2-nm excitation (Figure 8), most
likely arises from the same vibrational mode as those near 1175
cm~! of NiTHBPs and NiTBuP which have been ascribed to
v5(CsC1)-R (R = exocyclic ring)?* It totally disappears in the
NiCAP6 spectrum and loses most of its intensity in the NiCAP7
spectrum, suggesting subtle structural variation near pyrroles
bearing the exocycle ring. Although not present in the 568.2-
nm-excited spectrum of NiCAP6, this mode may possibly be
detected in resonance with the Soret-band, because the 406.7-
nm excitation exposes a weak polarized doublet at higher

em-Lin NiEtiost92and~672 cntt in NiTHBPs2! This mode frequency (1187, 1194 cm) which is absent in the other two

is effected by exocyclic ring size; namely, it is intense and sharp NiC_APS (Figure 6). _ ) _
in NiCAP5 but both markedly broadens and loses intensity in  Finally, the Ay v(Pyr half-ringhsymmode, vz, is assigned to
NiCAP6 and NiCAP7. the ap band at 1121 crh for NiCAP5 (Figure 7, 530.9-nm

Further careful examination of the 660200-cnT? region excitation). This band clearly splits into two ap bands for
reveals characteristic patterns of bands which permit easy NICAP6 (1117 and 1126 cr) and NiCAP7 (1118 and 1128
differentiation of the three nickel CAPs. In the 1100200- cm™1), most likely due to RR activation of the,E(C4Cy) stretch
cm~* region, especially in the Soret-excited spectra (Figure 6), (IR-active skeletal modess) which is also expected to vibrate
there are two strong polarized bands near 1135'amhich are ~ With frequency in this regiof>*? Although the frequencies for
attributed to the A; component of the predominanti{C,C;) this pair of bands are similar for NICAP6 and NiCAP7, the
mode,vs. These bands are well resolved for NiCAP5 (Figure 'elative intensities are very different, with the lower frequency
6, top, 1129 and 1138 crd) and NiCAP6 (middle, 1135 and  band ¢22) being more intense in NiCAP6 but with the higher
1146 cn1l), but collapse into a broad asymmetric peak centered frequency oneis) being more intense in NiICAP7. Thus, the

near 1135 cmt in NiCAP7 (bottom). [In the perpendicular ~ characteristic frequency and intensity pattern ofitheandv.a
Spectrum’ the~1135-cnt! peak appears to Sp||t into two RR modes allows easy identification of the three NiCAPs.

Aex = 568.2 nm

904 v(CC)-R
1129 vg

919 CHj rock
1178 v(C,Cy)-R

1155 vy

989 v(CC)-Et
1001 vay

8
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Figure 8. Same as Figure 6, but with 568.2-nm excitation.

mode; thus, this may be a general diagnostic feature when a
porphyrin is bearing any exocycle on theesoand-carbons.

An even more characteristic vibrational feature of the cycloal-
kano structure is the polarized skeletal magefound in all
three NiCAPs at-705 cnt?! (seen best in Figure 6 with 406.7-
nm excitation), assignable to thefdeformation mode of the
pyrrole rings, v(Pyr def), because its counterparts in other
petroporphyrins occur at drastically lower frequencie§,75

components at 1133 and 1137 Th} A similar splitting of vs 3. Exocyclic and Alkyl Substituent Modes. As discussed
was observed for NiTHBPs where the higher1143 cnr?) above, the 6501200-cnt* porphyrin skeletal modes in the RR
frequency component was assigned#(CsC1)-Me involving spectrum (especially with 568.2-nm excitation wavelength) can

methyl peripheral substituents and the lower one (1132gm  be used to identify the presence of a cycloalkano exocycle as
involving ethyl groupsys(CsCi)-Et2t Thus, on the basis of  well as determine its ring size to some extent. However, this
the similarity in frequencies, analogous assignments are maderegion is also expected to contain useful bands due to vibrational
for the NiCAPs (Table 2). modes associated with alkyl and cycloalkyl peripheral substit-
Additional clear differences between the 13®00-cnt? uents. For the NiTHBPs, the 1050100-cnT? bands attributed
RR bands of the three NICAPs are evident in the 568.2-nm- to the 3,3-butano exocycle €C stretching modes proved to
excited spectra shown in Figure 8. The most significant be the most useful marker bands of tetrahydrobenzoporphyrin
difference is that, besides tlrebands described above, NiICAP5  structure in this regioR! Because variations in cycloalkano
shows two strong bands in this region at 1155 (dp) and 1178 ring size in NiCAPs are expected to have an effect on the
cm! (mostly p) which are either very weak or absent in vibrational pattern of the the(CC)-R stretches, these modes,
NiCAP6 and NiCAP7 spectra. The 1155-chndp band is along with the terminal alkyl stretching and deformation modes,
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should provide characteristic patterns of bands making up each
compound’s unique “fingerprint”. Only weak bands are found
in the spectra of all three NiCAPs in the region whef€C)-R
modes of NiTHBP are found. Although weak, these bands do
differ among the samples of NiCAP5 through NiCAP7. Thus,
as can be seen in Figure 8, a single dp band occurs at 1054
cm1 in NiCAPS5, which appears to split into three weak dp
bands at 1029, 1046, and 1054 ©nin NiCAP6 and several
weak bands spanning the 1028090-cnt! range in NiCAP7.
If not all, at least some of them may involve stretching of the
exocyclic G-C bonds in keeping with the 1050100-cnT?
bands of NiTHBPs whose assignments are more séture.
Significantly, however, a strong polarized band is found at
904 cnt! in the NiCAP5 spectrum with Q-band excitation
(568.2 nm) in Figure 8 (top) which does not show up in either
NiEtios or NiTHBPs. This characteristic feature correlates with
a similar band at 883 cnt in NiCAP6 and a markedly weaker
doublet, 883/888 cmt, in NiICAP7. This~900-cnt?! band of
NiCAPs may arise from stretching of the outer single ©
bonds of themesqg3-alkano ring, because of similar frequencies

observed for cycloalkenes which all show strong polarized Figure 9. Low-frequency RR spectra of Ni(ll) complexes of CAP5

Raman bands in the 86®00 cnT* region assignable to the  (top), CAP6 (middle), and CAP7 (bottom)-{ mM) in CS, obtained
symmetric C-C stretch® Its dependence on the size of the with 406.7- (left) and 568.2-nm (right) excitations, respectively.

exocycle ring lends additional support for this assignment. Also Conditions for all spectra: backscattering from spinning NMR tube;
unique in this region is the feature at 919 ¢hin the NiCAP5 150-mW laser power; 3-cm slit widths; three scans, each with 1-s
spectra with 530.9- and 568.2-nm excitations (Figures 7 and integration time per point at 0.5- crhincrements.
8). The assignment of this band, which appears to dramatically . . .
lose intensity with increasing exocycle ring size (only shoulders for NICAP6, and 786 cm for NICAP7) and substituent groups
can be seen at similar frequencies for NICAP6 and NiCAP7) is @t tetrapyrrolic C-13 and/or cycloalkano ring its#lit is likely
uncertain; however, a GHocking mode has been assigned to that the exocthc ring methylenes are |nvolv_ed. Precise aljalyS|s
a weak ap band in this region for NiOBFand NiEtios!942 of thg bands in this extremely .useful. region must await the
A comparison of the three NiCAPs spectra in Figure 8 also additional data from selectively isotopically labeled molecules

reveals a cluster of bands over the Z825-cnT? range, each and normal coordmate analysis calculations.

porphyrin displaying a very different vibrational pattern. The The C_.C stretching m°de$ of ethyl and methyl groups are
modes expected in this region encompassdp), v1s (dp) and expected in the 1000-cm region, and two modera_tely strong
ve (p) skeletal and Chirocking alkyl substituent vibrations. The ~ Pands are found there for each of the NiCAPs with 568.2-nm
visband at 757 cmt has already been discussed in the previous excitation (F|glure 8)a p band near 987 cmhand a dp one
section. The only strong polarized band in this region is seen N€&r 1000 cm* (a vs, skeletal mode, also expected-a1000

near 819 cmt for all three NiCAPs, and is therefore ascribed M+ may contribute some intensity to the dp band). The
to ve, a totally symmetric pyrrole breathing mode (Table 3). vibrational pattern of these two bands is reminiscent of the-980

The frequency of this mode is not perturbed very much by the .1010-crrr1 features of NiEtio-Il in. that the dp band is h.ig.her
size of themesgg-alkano ring; however, it is significantly N requency than the p baril. This is perhaps not surprising

upshifted (16-35 cnr?l) with respect to other alkyl because the pyrroles bearing only methyl and ethyl groups in
porphyrinste-21.26 the two porphyrin types have the sarfle local symmetry

More dramatic differences between NiCAP5, NiCAP6, and (Figure 1). Indeed, thmesqﬁ-al_kano ring hag essen.tially no
NiCAP7 are seen in the multiple bands located in between the effect on these bands, suggesting that they involve in-phase (p

. oo mode) and out-of-phase (dp mode) combinations of theCC
vis andve bands, where the methylene rocking vibrations are ., iy +tes of the ethyls specifically localized on the neighbor-
expected to occur. Two such bands at 770 (p) and 781*cm vis sp y 9

(dp) have been identified in NiOEP spectra as,Gbicking ing pyrroles.

modes of the ethyl substituents, also with 568.2-nm excitation, 15,gonum§3er: of tt))ands in the Qitgh fgte:quen_cy regoilon (1300
on the basis of methylendys shifts and normal mode calcula- cnT") have been assigned to gELissoring and wagging

- - : : tions either due to the ethyl substituents or ring methylenes
tions2 The CH rocking modes were also revealed in this o S e g A
region for NiEtios by examining the RR spectra of NiEtio-Ill- (Table 2) based on similar ban(_js in nickel Etfand OEF:

tho isotopomer® NiCAPS5 shows three bands in this region at The CH; deformation modes of either the methyl or ethyl groups

767 (p), 785 (dp), and 799 cth (dp), whereas NiCAP6 and are assigned to ap _and dp bands arounq 1.366.cmlpolar|zed
NiCAP7 each show only two at 769 (p), 780 (dp) and 769 (p), band at 1240 e is assigned to Chitwisting motion of the .
786 cn1! (dp), respectively. Not only are the positions of these e>_<ocycl|c rng based on the presence of a similar band in
bands influenced by the exocycle ring size, but their intensities NITBUP which has no ethyl groups. N

vary dramatically as well, as demonstrated by Figure 8. of Generally, the low frequency<50 cnt”) RR spectra of
particular interest is that the780 cnm* dp band in the NicaPs ~ metalloalkylporphyrins are dominated by the strongly coupled
is strikingly strong, whereas in other petroporphyrins it is weak Cp—C1 bending/metatpyrrole breathing moders gAlg)z WT;CZE
(NITHBPs, ~772 cn?) or absent (NiEtios}® 2! Because it ~ 9JIVesrsetoa polarized band in the 34400-cnT+ region®

changes with ring size (785/799 chifor NICAP5, 780 cn As might be expected, the nickel cycloalkanoporphyrins are no
exception, and Figure 9, which compares the, GSlution

(43) (a) Neto, N.; Di Lauro, C.; Castellucci, E.; Califano,Spectrochim. spectra of NICAPS5, NiCAPG, and NICAP7 obtained with Soret-

Acta1967, 23A 1763-1774. (b) (a) Neto, N.; Di Lauro, C; Califano, ~ (406.7 nm, left) and Q-band (568.2 nm, right) excitations,
S. Spectrochim. Actd97Q 26A 1489-1509. reveals very intense polarized bands in the 340%cnegion

Aex = 406.7 nm Aex = 568.2 nm

INTENSITY ——
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which can no doubt be assignedito More importantly, these 1660
bands are also strongly influenced by the size of the exocycle,
further aiding in the quest of developing RR spectroscopy as a v

probe of petroporphyrin structure. Thus, NiCAP5 displays a L
prominent polarized band at 342 chwith a shoulder at 354

cm~1, NiCAPG6 has two such bands at 342 and 325 nand

NiCAP7 displays a very broad polarized envelope between 1610
300-375 cnt! with only visible peaks at 344 and 361 cin

A weaker polarized band at 272 cfin NiCAP5 arises from

the in-plane skeletal modey, the only other totally symmetric

skeletal mode (mainly Nipyrrole breathing) expected below QS\‘::VW
400 cnt! (Table 3). It also varies with the exocycle size, v
shifting up to 276 cm! in NiCAP6 and splitting into a 255/ w1560 H
280-cn1? doublet in NiCAP?7. 5
This splitting and broadening ofg and vy in solution,
|
[

10

especially for NiCAP7, probably reflects several coexisting

conformers which may differ in orientation of the ethyl

substituents relative to the exocycle. The splitting®andwvg

was observed in solution RR spectra for NiGEBnd (VO)- 1510
Etio-1,1° which was attributed to the presence of different ethyl

orientational conformers. The exocycle itself may adopt dif-

ferent conformations in solution as well, because cycloheptene,

L
in liquid, exists in equilibrium between the chair and boat RO\O\O
L 1 —

38

O

v,

conformationg3® The kinematics of the various possible 28

NiCAP conformers remain to be investigated. 1460
Further examination of the NiCAP low-frequency spectra )

reveals a cluster of polarized bands in the 5820-cnT? region Etio-Il CAPS CAP6 CAP7

which have not been observed in other petroporphyrins. Figure 10. Graph showing that increasing size of the exocyclic ring

Consequently, these new characteristic bands can be ascribed NICAPs shifts structure-sensitive modes down in frequency.

to the deformation modes of the saturated carbon exocycle

substituent which may serve as signatures for the NiCAPs. Theyincreasing size of the cycloalkano ring (Figure 10). This is

are most apparent in the Q-band-excited spectra with 568.2-attributed to the increasing nonplanarity of the porphyrin

nm laser line (Figure 9, right), each NiCAP showing a distinctive macrocycle distorted by the steric crowding of the exocycle.

vibrational signature depending upon the cycloalkano ring size. Consistent with this, there is a progressive bathochromic shift

NiCAP5 displays two sharp polarized bands at 619 and 584 in the Soret- and Q-bands in the UB¥isible absorption spectra

cm 1, whereas NiCAP6 has a broad feature centered about 610with increasing exocycle size, and new anomalously polarized

cm! containing three overlapping peaks (605, 610, 615%m  peaks appear upon Q-band excitation in the RR spectra which

and a smaller single band at 593¢tm It appears that the higher  can be assigned to porphyrin, Ekeletal modes activated by

frequency bands>(600 cnt?) in this region downshift into the the lower symmetry of the nonplanar NiCAPs.

584/595-cm* doublet in the NiCAP7 spectrum. Similar to NiEtios and NiTHBPs, the RR spectra of NiCAPs

in the midrange (6081200 cnTl) with 568.2-nm excitation

_ wavelength display a rich array of distinctive skeletal and
The Soret- and Q-band excited resonance Raman spectra operipheral bands, many of which can be used to determine

the nickel cycloalkanoporphyrins are richly populated with cycloalkano ring size. Specific marker bands in the 1120

numerous vibrational modes that can be used to obtain structurallzoo_’ 880-900-, and 586:620-cnT! regions, attributed to

information aboutnesqj-strapped petroporphyrins. Generally, Cs—C and G-C stretching and deformational modes of the

for metalloalkylporphyrins the most useful Raman modes are exocyclic ring, have been identified. The uniquely characteristic

the structure-sensitive modes, vs, vio, vi1, v1e, @ndvzg and frequencies and variations of these modes offer valuable
we have demonstrated that these modes are very informative

when comparing NiCAPSs to the other petroporphyrins (NiEtios vibrational probes of structure for the NICAP family.

and NiTHBPs). For example, these modes shifted to lower
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