5982 J. Am. Chem. Soc. 1981, 103, 5982-5984

—
~N
-«
P
-
A ex :441.6 nm o B3| b
S me @ N
- | 73
0 N
|
®
A. - g
< |
T
I
s
. 5 AU\
wn
o~ ! L i
L]

@ | 400 300 200
o
252 |
A. red. cyt. ox. Ioe 0 J en o
o= - NN -
i g | == F
e
- \ :
<
I g
bt 3]
+2 e ~e a2
B. (2-Melm)heme a h - =
: ‘ :

CH,Cl,

C. (2-Melm)heme a'?

aq. det.

D.(N-Melm)zheme a'2

CH,Cl,

Il | I | 1
1700 16I00 1500 1400 1300 1200 1100 1000
AV m?

Figure 2, Resonance Raman spectra taken with 441.6-nm excitation,
15-mW incident power. Scan rate 50 cm™ m™; time constant 1 s;
spectral resolution 7 cm™!. CH,Cl, solvent peak marked “S”. (A) Re-
duced cytochrome oxidase; (B) high-spin 2-methylimidazole heme
a@**/CH,Cly; (C) high-spin 2-methylimidazole heme a?*/aqueous
CTAB; (D) low-spin bis(N-methylimidazole) heme a**/CH,Cl,. Heme
concentrations: 60-120 uM. Inset: low-frequency region of traces A
and B, reduced cytochrome oxidase and 2-methylimidazole heme a**
dissolved in CH,Cl,, respectively.

The Raman spectra of the heme g model compounds, along
with the spectrum of reduced oxidase, are shown in Figure 2,
Soret laser excitation was used in the experiments, Franck-Condon
scattering dominates, all modes in the spectra of Figure 2 have
depolarization ratios <3/,.!4 Although the Raman spectrum of
the reduced enzyme is composed of contributions from both cy-
tochrome a®* and a,%*, we showed in previous work!® that some
of the vibrations were due solely to cytochrome a;?*, These include
the formyl vibration at 1664 cm™!, the ring mode at 1230 cm™!,
and the low-frequency 214-cm™! vibration. An investigation of
the model spectra shows that for the high-spin ferrous heme a
species in CH,Cl, (Figure 2b) the formyl vibration occurs at 1660
cm™ and reproduces the behavior of a;** well. In aqueous solution
(Figure 2¢) the high-spin heme a formyl vibration shifts to 1640
cm™! which we interpret to reflect hydrogen bonding. In low-spin
derivatives the carbonyl occurs at 1644 cm™! in aprotic media
(Figure 2d) and shifts to still lower frequency in protic solvents.!
High-spin ferrous heme g in aprotic solvents also reproduces the
a;** 1230-cm™! mode. However, the frequency of this mode, in

(14) (a) Friedman, J. M.; Hochstrasser, R. M. Chem. Phys. 1973, I,
457-467. (b) Spiro, T. G. Acc. Chem. Res. 1974, 7; 339-345. (c) Rousseau,
D. L.; Friedman, J. M.; Williams, P. F. Top. Curr. Phys. 1978, 11, 203-252.
(d) Callahan, P. M.; Babcock, G. T. Biochem. 1981, 20, 952-958.

(15) Salmeen, I.; Rimai, L.; Babcock, G. T. Biochem. 1978, 17, 800-806.

(16) The assignment of carbonyl vibrational frequencies has been made
by preparing heme a derivatives modified at the formyl group and observing
the effect of the modification on the Raman spectrum. A detailed description
of these results and a more complete analysis of the Raman spectrum of
reduced cytochrome oxidase is in preparation.

contrast to the formyl vibration, appears to be independent of
solvent. In the low-frequency region (inset, Figure 2), five-co-
ordinate high-spin ferrous heme a in CH,Cl, shows a 208-cm™!
vibration which corresponds well with the a;2* 214-cm™ mode.
This vibration is missing in the low-spin derivatives and weak or
absent in high-spin species in protic solvents (not shown). By
analogy with work on hemoglobin,!” we had assigned the protein
214-cm™! band to the a;®* Fe-N,(histidine) vibration;® the
high-spin model compound provides additional support for this
assignment. Moreover, a comparison of the a;°* 214-cm™ fre-
quency with recent work by Stein et al.!® indicates that in the
protein the histidine Nj is protonated and diminishes considerably
the likelihood that this species serves as the bridging ligand between
Cu,, and Fe,, in the dioxygen reducing site.!

The data on ferrous heme a model compounds solidify the
assignment of cytochrome a;2* as a five-coordinate, high-spin
ferrous heme a species with an unaltered formyl in a non-hy-
drogen-bonding environment.’»2° That high-spin heme a?* in
CH,Cl,, but not in aqueous detergent solution, has optical
properties in close agreement with g, together with the IR data
reported by Alben et al.,”® indicates that hydrophobic character
in the dioxygen reducing site is not restricted to the immediate
environment of the formyl group but rather is a property of a major
portion of the pocket.
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Few studies have been reported which attempt to correlate
chemical reactivity with molecular geometrical parameters.2® A
significant and valuable effort over the past 20 years has focused
on the derivation of linear free energy relationships (LFER).”
Although at least 11 different steric substitution parameters have

(1) For the previous paper in this series, see: Secor, H. V.; Chavdarian,
C. G.; Seeman, J. . Tetrahedron Lett. 1981, in press.

(2) DeTar, D. F. J. Org. Chem. 1980, 45, 5166-5174.

(3) Charton, M. Prog. Phys. Org. Chem. 1971, 8, 235.

(4) (a) Gallo, R.; Chanon, M.; Lund, H.; Metzger, J. Tetrahedron Lett.
1972, 3857-3860. (b) Babadjamin, A.; Chanon, M.; Gallo, R.; Metzger, J.
J. Am. Chem. Soc. 1973, 3807-3808.

(5) Wipke, W. T.; Gund, P. J. Am. Chem. Soc. 1976, 98, 8107-8118.

(6) DeTar, D.; Luthra, H. P. J. Am. Chem. Soc. 1980, 102, 4505-4512,

(7) See for example: (a) “Advances in Linear Free Energy Relationships”;
Chapman, N. B., Shorter, J., Eds.; Plenum Press: London, 1972. (b) C. D.
Johnson, “The Hammett Equation”, Cambridge University Press: New York,
1973.
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Table I. Alkylation Rate Constants and Basicity Properties of 1-13
N —
iodomethylation 10, (CH, =
10%k, (exptl), CH-CH,Br),c pK,
compd LM krel Kealeg? L M5! PK ;@ apK,”  (caled)®

pyridine (1) 3.18 £ 0.08 1 4.63 5.17¢
2-picoline (2) 1.38 £ 0.09 0.43 0.753 5.97¢ 0.80
3-picoline (3) 5.40+ 0.10 1.7 7.14 5.68¢ 0.51
4-picoline (4) 6.76 + 0.03 2.1 8.17 6.02¢ 0.85
2,3-lutidine (5) 1.36 + 0.07 0.43 0.73 0.734 6.60° 6.48
2,4-lutidine (6) 2.91 £ 0.06 0.92 0.90 1.46 6.72¢ 6.82
2,5-lutidine (7) 2.61+0.01 0.82 0.73 1.24 6.47¢ 6.48
2,6-lutidine (8) 0.127 £ 0.003 0.040 0.18 ~0.018 6.77¢ 6.77
3,4-lutidine (9) 10.7 £ 0.2 3.4 3.6 13.15 6.52¢ 6.53
3,5-lutidine (10) 8.28 + 0.10 2.6 2.9 10.91 6.14¢ 6.19
2,3-cyclopentenopyridine (11) 6.14 £ 0.42 1.9 0.73 5.95¢
2,3-cyclohexenopyridine (12) 3.63 £ 0.04 1.1 0.73 6.65¢
2,3-cycloheptenopyridine (13) 0.965 £ 0.018 0.30 0.73

@ At 25.00 + 0.01 °C in acetonitrile. These data represent an average of four alkylations per compound. ® Calculated assuming LFER,

e.g., Kcaleq for 3,4-dimethylpyridine = kre)(3-methylpyridine) X Kye)(4-methylpyridine).
¢ Determined in HOAC/Ac, O by: Thummel, R. P.; Kohli, D. K. J. Org. Chem. 1977, 42, 2742-2747.

values, see ref 8j and 11a.

¢ Reference 11c. @ For additional pK, literature
T apK, () =

PK,() - pKa(1) € pKy(caled) = pK,(1) + = ApK, where { incorporates all substituents in each case.
1

been proposed,® structural consequences of these substituents are
not evaluated per se by LFER treatments. Nonadditive substituent
effects are an important and complex subset of structure—reactivity
considerations.

DeTar recently suggested that doubts regarding the validity
of steric LFER’s must be met by theoretical and experimental
investigations of systems which exhibit nonadditive effects.? In
this work, we examine the postulate that theoretically derived
ground-state geometries can be directly related to transition-state
effects for a series of compounds. We have employed MINDO/3
semiempirical all-valence electron calculations to determine
ground-state equilibrium geometries for a series of pyridine de-
rivatives 1-13 (Table I) and have examined the iodomethylation
of these compounds. We now report an excellent correlation of
molecular geometrical parameters with chemical reactivity for
this series of compounds which demonstrate nonadditive kinetic

o> O ©

NKg# Caa N N
I 12 1

The iodomethylation reactions were run in acetonitrile at 25
°C, and the rates were determined by using conductometric
methods reported previously.” While the iodomethylation of
pyridine and many of its methylated derivatives have been ex-
amined in the past,1 there is no report, to our knowledge, which

(8) (a) Es: Taft, R. W, Jr. In “Steric Effects in Organic Chemistry”;
Newman, M. S, Ed.; Wiley: New York, 1956; Chapter 13. (b) Es®: Hancock,
C. K.; Meyers, E A.; Yager, B. J. J. Am. Chem. Soc. 1961, 83, 4211-4213,
(c) Es Palm, V. A. “Fundamentals of the Quantitative Theory of Organic
Reactions”; Khlmlya Leningrad, 1967. (d) Eg: MacPhee, J. A.; Panaye,
A.; Dubois, J. E. Tetrahedron Lett. 1978, 3293-3296. (e) Es*: Unger, S.H;
Hansch, C. Prog. Phys. Org. Chem. 1976, 12,91. (f) v: Charton, M. J. Am.
Chem. Soc. 1975, 97, 1552~1556. (g) os: Farthing, A. C.; Nam, B. In “Steric
Effects in Conjugated Systems”, Gray, G. W., Ed; Academic Press: Inter-
science; New York, 1958. (h) SF: Hussey, W. W.; Diefendorfer, A. J. J.
Am. Chem. Soc. 1967, 89, 5359-5362. (i) pg; Beckhaus, H.-D. Angew. Chem.,
Int. Ed. Engl. 1978, 17, 593-594. (j) S°: Berg, U,; Gallo, R,; Klatte, G,;
Metzger, J. J. Chem. Soc., Perkin Trans. 2 1980, 1350~1355. (k) #: Sjos-
trom, M.; Wold, S. 7bid. 1979, 1274-1278.

(9) (a) Seeman, J. L.; Secor, H. V.; Hartung, H.; Galzerano, R. J. Am.
Chem. Soc. 1980, 102, 7741-7747. (b) Seeman, J. I.; Secor, H. V,;
Chavdarian, C. G.; Sanders, E. B.; Bassfield, R. L.; Whidby, J. F. J. Org.
Chem., in press.

(10) (a) Brown, H. C.; Cahn, A. J. Am. Chem. Soc. 1955, 77, 1715-1723.
(b) Seydel, J. K.; Schaper, K.-J.; Wempe, E.; Cordes, H. P. J. Med. Chem.
1976, 19, 483-492. (c) Berg, U.; Gallo, R.; Metzger, J.; Chanon, M. J. Am.
Chem. Soc. 1976, 98, 1260-1263. (d) Schaper, K.-J. Arch. Pharm. (Wein-
h;im,' Ger.) 1978, 311, 641-649, 650-663. (e) See ref 2j and references cited
therein.

Table II. Steric Accessibility Factor and Geometric Parameters®
of 2-Substituted Pyridines
dNH‘a‘c G‘b,d
compd sb A deg
2-picoline (2) 1 2.596 117.01
2,3-lutidine (5) 0.59 2,537 114.23
2,4-lutidine (6) 1.0 2.595 117.07
2,5-lutidine (7) 1.1 2.601 117.36
2,3-cyclopentenopyridine (11) 2.6 2.924 127.12
2,3-cyclohexenopyridine (12) 1.5 2.688 117.44
2,3-cycloheptenopyridine (13) 0.41 2.473 114.12

@ Geometries obtamed via complete MINDO/3 energy minimiza-
tion calculations. ® 8§ = kyei/keqleq; see Table I for rate data.
¢ Dlstance from pyridine nitrogen to closest hydrogen on C, .
dN-C ,~C,q angle.

has studied the iodomethylation of all the picolines and lutidines
under the same reaction conditions. The reaction rate constants
kaexpu) and the relative reaction rate constants k¢ are listed in
Table I. Substituent effect additivity can be tested by using the
picoline relative rates as standards. Thus, the values of ke, eq in
Table I were obtained by using multiplicative contributions of 0.43,
1.7, and 2.1, respectively, for each 2-, 3-, and/or 4-alkyl sub-
stituent. Reasonably good agreement is found between the cal-
culated and experimental rate constants, except for 2,6-lutidine
and the 2,3-disubstituted pyridines. Nonadditivity is observed
as evidenced by noting that 11 iodomethylates 6.3 times faster
than 13.

For comparative purposes, the pK,’s for most of these com-
pounds are also listed in Table I. While the pK,’s exhibit much
better additivity properties than do the relative rate constants,
they do not correlate well with either ko) OF In Ky(expn). Since
excellent correlations have been obtained between alkylation rates
and pK,’s for series of 2-heterosubstituted pyridines, '9%!! we
conclude that the iodomethylation effects reported herein are not
primarily electronic in nature. However, it was first necessary
to eliminate the possibility of unusual solvent effects in these
reactions. One criterion would be the establishment of identical
relative rates of alkylation in a different solvent.12 Clark and
Rothwelll!e have previously examined the allylbrominations of
1-10 in nitrobenzene at 60 °C; a comparison of their allyl-
bromination data with the iodomethylation rate constants found

(11) (a) Fischer, A.; Galloway, W. J.; Vaughan, J. J. Chem. Soc. 1964,
3591-3599. (b) Deady, L. W.; Zoltewicz, J. A. J. Org. Chem. 1972, 37,
603-607. (c) Clarke, K.; Rothwell, K. J. Chem. Soc. 1960, 1885-1895. (d)
Johnson, C. D.; Roberts, L.; Taylor, P. G. J. Chem. Soc., Perkin Trans. 2 1981,
409-413.

(12) DeTar, D. F. J. Org. Chem. 1980, 45, 5174-5176.
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in this work reveals a remarkably significant correlation (r = 0.981,
p <0.001), suggesting that differential solvation within this series
is unimportant.

A quantitative measure of the nonadditivity can be obtained
for the alkylation reaction by defining S = k./keqeq for each
a-substituted compound (Table IT). The definition of S leads
to a value of S = 1 for 2-picoline, consistent with DeTar’s recent
criterion for a sterically unstrained standard.’* A value of S >
1 implies less steric hindrance relative to 2-picoline, and § < 1
indicates the converse.

To relate S to structural properties, we performed complete
geometry optimizations by using the MINDO/3 program of
Rinaldi!*!5 for 1-13. The bond lengths and angles calculated for
pyridine compare very favorably with those determined by mi-
crowave spectroscopy and electron diffraction studies.! Ex-
perimental information relevant to the structure of 2-13 is rare,!”
but some data exist for their benzene analogues.!®* We have
therefore performed complete MINDO/3 energy minimization
for benzene, toluene, the xylenes o-di-tert-butylbenzene, indane,
and tetralin.! Comparison of the available experimental data'’
for these nonheterocyclic aromatic compounds with the semi-
empirical results indicates that the MINDO/3 method does predict
appropriate trends in the bond angles and lengths calculated.

For the 2-substituted pyridines, the key geometric parameters
appear to be 8, the N-C,-C,, bond angle, and dyy, the distance
from nitrogen to the closest hydrogen on the « carbon (see Table
IT). A wide range in both 6 and dny is found, spanning 13.00°
and 0.451 A, respectively. 2,3-Lutidine (5) iodomethylates with
one-half the rate of 2,5-lutidine. That 5 fails to satisfy a LFER
due to a buttressing effect is seen in Table II as a 3.13° decrease
in 6 and a 0.064 A decrease in dyy relative to 2,5-lutidine, At
the other extreme, tying the methyl groups together with a
methylene unit in 2,3-cyclopentenopyridine (11) increases both
8 (by 10.29°) and dny (by 0.334 A) relative to 2,5-lutidine; 11
iodomethylates almost five times faster than does 5.

Excellent correlations are found for the nonadditivity factor
S as a function of both 8 (S = -17.700 + 0.1600; r = 0.970, p
= 0.001) and dyy (S = ~11.844 + 4.950dyy; r = 0.996, p <
0.001). The parameters 6 and dny are highly correlated with one
another (r = 0.971, p = 0.001) and are not independent.

That 6 (and dyy) so strongly correlate with the observed kinetics
is a unique demonstration of the relationship between substrate
equilibrium geometry and reaction rate. The coupling of chemical
kinetics with theoretical treatments for compounds which fail to
follow LFER will lead to a better understanding of non-additive
substituent effects.
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Despite the importance of migratory reactions in organometallic
chemistry,! examples of one potentially useful class of
migrations—alkyl migration from a metal atom to the carbon atom
of a coordinated carbene or alkylidene ligand (equation 1)—have
only recently been encountered.>* While a large number of

\/ \/
A‘A—C< — M—/C/\ (1)

alkylalkylidene complexes of the earlier transition metals are
known, they apparently show no tendency to undergo this reaction,
owing to the pronounced nucleophilicity of the alkylidene carbon
atom.® In contrast, electrophilic carbene complexes of the later
transition metals often readily react with external nucleophilic
reagents,”® and it is in such complexes that the reaction illustrated
in equation 1 is most likely to be facile. In this communication
we report the synthesis and characterization of a compound with
an alkyl group cis to an electrophilic carbene precursor ligand,
the iridium methyl(methoxymethyl) complex IrBr(CH,)(CH,O-
CH,)(P(CH;)3); (1). Compound 1 is readily transformed into
a transient methylmethylene complex, which subsequently un-
dergoes methyl migration to the methylene group. A stable ethyl
complex has been isolated, and its structure has been confirmed
by a single-crystal X-ray diffraction study.

(1) Parshall, G. W, “Homogeneous Catalysis”; Wiley: New York, 1980.

(2) (a) Methyl migration to a methylene ligand bonded to tungsten has
been described by: Hayes, J. C; Pearson, G. D. N.; Cooper, N. J. Paper
presented at the 181st National Meeting of the American Chemical Society,
Atlanta, GA, March 1981. (b) Alkyl- and hydridoniobium “zircono-
xycarbene” complexes undergo migration reactions. Threlkel, R. S.; Bercaw,
J.E.J. Am. Chem. Soc. 1981, 103, 2650-2659. (c) Certain reactions of acyl
complexes of the early transition metals have been rationalized in terms of
“carbene” character of the acyl carbon atom. See: Wolczanski, P. T.; Bercaw,
J. E. Acc. Chem. Res. 1980, 13, 121-127. Fagan, P. J.; Manriquez, J. M.;
Marks, T. J.; Day, V. W.; Vollmer, S. H.; Day, C. S. J. Am. Chem. Soc. 1980,
102, 5393-5396. (d) Intramolecular chlorocarbene insertions into platinum-—
alkyl bonds were reported by: Van Leeuwen, P. W. N. M.; Roobeek, C. F.;
Huis, R. J. Organomet. Chem. 1977, 142, 243-247.
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postulated as a chain-growth step in Fischer-Tropsch processes: Brady, R.
C., III; Pettit, R. J. Am. Chem. Soc. 1980, 102, 6181-6182 and references
therein,
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therein. Elimination of hydrogen from a R-CH,-R group held in close
proximity to an iridium center has been observed by: Empsall, H. D.; Hyde,
E. M.; Markham, R.; McDonald, W. S.; Norton, M. C.; Shaw, B. L.; Weeks,
B. R. J. Chem. Soc., Chem. Commun. 1977, 589-590.
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F. D.; Dvoretzky, 1. J. Am. Chem. Soc. 1966, 88, 1654-1657.
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(8) Casey, C. P.; Burkhardt, T. J.; Bunnell, C. A; Calabrese, J. C. J. Am.
Chem. Soc. 1977, 99, 2127-2134. Casey, C. P.; Polichnowski, S. W.; Shus-
terman, A. J.; Jones, C. R. J. Am. Chem. Soc. 1979, 101, 7282-7292.
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