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Abstract

Nine novel polychlorinated dihydrocamphenes (1-9) have been isolated from reaction mixtures obtained by
the chlorination of lower chlorinated monoterpenes. These compounds are potential congeners of insecticide
toxaphene. The 'H and "C NMR spectra of 1-9 have been assigned by means of 'H,'H DQF COSY
(double-quantum filtered correlation Spectroscopy), 'H,'"H ROESY (rotating frame nuclear Overhauser
effect spectroscopy), PEG 'H,"*C HMQC (pulsed field gradient heteronuclear multiple quantum coherence),
'H,C HMBC (heteronuclear multiple bond correlation) experiments, and computer aided 'H NMR
spectral analysis. In the case of 2, the structure has been determined by X-ray methods. Full geometry
optimizations have been performed at the ab initio HF/6-31G* level for a comparison with the
conformational and structural properties obtained from the NMR- and X-ray experiments. The optimized
geometries are in excellent agreement with the experimental structures. In addition, rotation barriers of
compounds 7 and 9 have been characterized with the semiempirical AM1 method. The gauge-including
atomic orbital (GIAO) method have been employed to calculate C chemical shifts of 1-9 using density
functional theory (DFT) at the B3LYP/6-311G* level and the HF/6-31G* optimized structures as geometry
input. A comparison of the calculated and experimental data yielded a regression equation, which with
added indicator variable (the number of chlorine atoms attached to each carbon) is capable of the accurate
prediction of carbon chemical shifts for these compounds.

Keywords: 1D/2D NMR, ab initio, AM1, conformation, DFT, GIAO, MO calculations, polychlorinated
dihydrocamphenes, stereochemistry, toxaphene, X-ray structure.
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Introduction

Toxaphene is an insecticidal mixture, which is produced by the controlled chlorination of
camphene (2,2-dimethyl-3-methylene-bicyclo[2.2.1]heptane) under UV light." The initial ionic
step of the chlorination leads via Wagner-Meerwein rearrangement pathway to bornane (1,7,7-
trimethyl-bicyclo[2.2.1]heptane) skeleton. The main intermediate products, 2-ex0,10-
dichlorobornane  (2-exo-chloro-1-chloromethyl-7,7-dimethylbicyclo[2.2.1]Theptane) and 2-
ex0,10,10-trichlorobornane (2-exo-chloro-1-dichloromethyl-7,7-dimethyl-bicyclo[2.2.1]heptane),
are accompanied by other low chlorination hydrocarbons.” * Further radical chlorination leads to
a complex mixture of highly chlorinated C,y-terpenes.

For many years it was believed that toxaphene mixture primarily consists of chlorinated
bornanes next to small amounts of chlorinated bornenes and even smaller amounts of chlorinated
bornadienes.s4 The existence of polychlorinated bornenes and bornadienes had been postulated
due to the GC/NCI-MS detection of substances with fragment masses being 2 or 4 amu below
the [M-Cl]- ions of bornanes. Actually, these mass spectra must probably be attributed to
camphenes, because new insights in synthetic pathways of technical toxaphene indicate the
formation of camphenes and dihydrocamphenes.’

Previously, Landrum et al.s,” reported the identification of a heptachlorodihydrocamphene in
technical toxaphene and Hainzl et al.® reported the isolation of five polychlorocamphenes from a
toxaphene standard. In addition, Tribulovich et al.” showed that cis- and trans-5-exo,10-
dichlorocamphenes (5-exochloro-3-chloromethylene-2,2-dimethyl-bicyclo[2.2.1]heptane) are
possible precursors of polychlodihydrocamphenes in technical toxaphene.

It is known that the various toxaphene components are differently transformed in the
environment; while some congeners are highly persistent, others are easily metabolized and not
detectable in environmental samples.'® This leads to a simpler toxaphene residue pattern
compared to the technical mixture. The composition in biota also varies depending on the trophic
level and the ability of a species to metabolize selected toxaphene components.'' This implies
that the orientation of the chlorine atoms may influence the chemical stability of toxaphene
congeners.'” In addition, individual toxaphene congeners may exhibit different toxicity."
Accordingly, the position and the number of the chlorine atoms on the molecule determines the
magnitude and nature of biological effect.'* Consequently, an exact assignment of the
stereochemistry of the chlorine atoms on the primary carbons is necessary for correct prediction
of chemical reactivity and for correct assessment of degradation or accumulation in environment.

In this study, we report the syntheses, isolation and characterization of nine novel
polychlorinated dihydrocamphenes 1-9. An exact description of position of the chlorine atoms on
the primary carbons has been achieved by extensive one- and two-dimensional 'H and >C NMR
spectroscopy. In the case of 2, the structure has been determined by X-ray methods. The
experimental results are compared with those obtained from ab initio optimizations performed at
the HF/6-31G* level. In addition, rotation barriers of compounds 7 and 9 have been
characterized with the semiempirical AM1 method."
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BC NMR chemical shifts can depend strongly on the conformation of a molecule. Accurate
prediction of °C chemical shifts have become a tool that can complement 'H, 'H coupling
constants, 'H, '"H NOE experiments, and empirical chemical shift correlations for elucidation of
conformations and configurations of organic molecules. Biihl et al.'® have suggested that the
combination of high-level ab initio optimized geometries, theoretically computed NMR chemical
shifts, and experimental NMR data provides a tool that can be routinely applied for structural
determinations as well as the characterization of new compounds.

In this paper the gauge-including atomic orbital (GIAO)'" method have been employed to
calculate °C chemical shifts of the polychlorinated dihydrocamphenes 1-9 using density
functional theory (DFT) at the B3LYP/6-311G* level and the HF/6-31G* optimized structures as
geometry input. From the data, a linear correlation between experimental and theoretical shifts
has been derived. Furthermore, the predictive ability of the model has been improved by adding
an indicator variable N (the number of chlorine atoms attached to each carbon) to the regression
equation.

Results and Discussion

Formation of polychlorinated dihydrocamphenes

In a first step of the toxaphene synthesis, a chloronium ion is added to the primary olefinic
carbon of camphene. The positive charge in the six-membered ring is not localized on C3 but
partially distributed on C4 and C5. According to the Markovnikov’s rule the resulting
stabilization of the positive charge in the non-classic carbocation results in no charge on C10.
The non-classic carbocation primarily rearranges via a Wagner-Meerwein pathway to bornane by
a nucleophilic attack of chlorine at C4 resulting in 2-ex0,10-dichlorobornane.’

Campheneg Palychlorinated
dinydrocamphene

The formation of polychlorinated dihydrocamphenes is not as easy to understand as it would
seem. Landrum et al.” postulated addition of HCI to the double bond of camphene. According to
Krock et al.” this is very unlikely since an ionic attack at the double bond is more favourable due
to the stabilization effect of the Wagner-Meerwein rearrangement resulting in the formation of
bornane. Chlorination together with a retention of the camphene backbone occurs only if the
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Wagner-Meerwein rearrangement is hindered.” Stabilization of the non-classic carbocation
become difficult in the case of a chlorine substituent at C5. Krock et al. > postulated that a
chlorine substitution on C5 allows a stabilization of the positive charge due to delocalization
between C3, C4, and C7. In comparison to the bornyl cation this carbocation is energetically less
favoured due to the higher ring strain in the neighbouring fourmembered ring (C1, C2, C3, and
C7). Krock et al. > suggested that stabilization by addition of chlorine on C4 would lead to
chlorinated pinane which is less favourable than the formation of dihydrocamphene generated by
addition of chlorine at C3.

Therefore, Krock et al. ° proposed that all dihydrocamphenes should have chlorine atoms on
C3, C5, and C10. This is indeed the case for all dihydrocamphenes described in this article and
reported previously.® "

Crystal structure of 3-exo,5-ex0,6-ex0,9,10,10-hexachlorodihydrocamphene (2).
The crystal structure of the hexachlorodihydrocxamphene 2 has been determined by single

crystal X-ray diffraction measurement. The crystals of 3 - C;oH;2Cl¢ possesses triclinic cell
symmetry P1 (No. 2) with the lattice constants a = 7.1965(2) A, b = 13.8275(5) A, and ¢ =
20.7769(6) A and the number of molecules per unit cell z = 2.

The density of the compound calculated from these values and from the molar mass of
34490 g is 1.707 g cm”. X-ray analysis shows that there are three crystallographically
independent molecules in asymmetric unit. Two of these molecules are essentially identical
structures and the third one is their enantiomer.

As shown in Figure 1, the chlorine atoms are in positions 3-ex0, 5-exo0, 6-exo, 9¢, 10b, and
10c. This arrangement seems to offer minimum intramolecular interaction between the bulky
chlorine atoms and results in a compact molecule, which allows efficient molecular packing in
the crystal. The orientation of the chlorine atoms determined by X-ray analysis is convergent
with the solution structure determined by NMR methods.

As shown in Table 1, almost all the C-C bonds are slightly longer than the single bond value
of 1.530(15) A." The same applies to C-Cl bond lengths, where the difference from the single
bond 1.767(2) A" is appreciably greater. These two findings are consistent with those reported
for polychlorinated bornanes and for polychlorinated tricyclo compound.'?'
influence of the chlorine atoms in these compact polychlorinated molecules has the effect of
stretching the bonds and increasing the size of the whole molecule.

The mutual

ISSN 1424-6376 Page 98 ®ARKAT USA, Inc



Issue in Honor of Professor Kalevi Pihlaja ARKIVOC 2001 (iii) 95-113

H(10a)

CI{10b)
Figure 1. ORTEP view of 3-ex0,5-ex0,6-€x0,9,10,10-hexachlorodihydrocamphene 2.

Table 1. Experimental and HF/6-31G* optimized bond lengths (A) for 2. Selected experimental
and HF/6-31G* optimized bond and torsion angles (°) for 2

Nuclei  Experimental HF/6-31G* Nuclei Experimental HF/6-31G*
C1-C2 1.562(4) 1.565 C1-C2-C3 100.2(2) 101.1
C2-C3 1.614(4) 1.615 C2-C3-C4 103.3(2) 102.0
C3-C4 1.539(4) 1.555 C3-C4-C5 110.7(2) 110.8
C4-C5 1.536(4) 1.548 C4-C5-C6 103.1(2) 103.2
C5-C6 1.562(4) 1.564 C1-C2-C8 112.9(2) 112.4
C1-Co6 1.527(4) 1.540 C2-C1-Co 109.4(2) 110.7
C1-C7 1.531(4) 1.531 C1-C2-C9 110.3(2) 109.7
C2-C8 1.530(4) 1.543 C4-C3-C10 115.0(3) 114.1
C2-C9 1.541(4) 1.543 C8-C2-C9 108.1(3) 107.8
C3-C10 1.532(4) 1.545 C1-C6-Cl6 110.4(2) 110.3
C4-C7 1.539(4) 1.532 C2-C9-CI9 111.92) 113.3
C3-CI3 1.819(3) 1.818 C4-C3-CI3 105.04(19) 105.5
C5-ClI5 1.783(3) 1.784 C4-C5-CI5 109.4(2) 110.1
Co-Clo6 1.800(3) 1.789 C3-C10-Cl110b 111.7(2) 113.7
C9-CI9 1.803(3) 1.800 C3-C10-Cl110c 112.7(2) 112.5
C10-Cl110b 1.786(3) 1.777 C1-C2-C9-CI9 -70.0(3) -67.8
C10-Cl10c 1.774(3) 1.778 C4-C3-C10-Cl10c -48.5(3) -48.5

Analysis of the NMR spectra

The 'H chemical shift assignments for polychlorinated dihydrocamphenes are based on 'H, 'H
coupling constants and two-dimensional DQF 'H, 'H COSY? experiments. The configuration of
the compounds have been deduced by spatial proximities as indicated by 'H, '"H ROESY?
responses. The "H NMR parameters have been solved precisely with the PERCHit iterator*
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under PERCH software.” The 'H chemical shifts and 'H, 'H coupling constants of compounds 1-
9 are collected in Tables 2 and 3, respectively.

Since the crystal structure of hexachloro congener 2 is known, its 'H NMR analysis is
discussed first as an example. The "H NMR spectrum of 2 is shown in Figure 2A. The proton
H10a gives rise a singlet at 8 6.09. The two doublet of doublets, one at & 4.51 [}J(5,6) = 6.73 Hz,
%J(6,7b) = 2.25 Hz], and the other one at & 4.27 [*J(5,6) = 6.73 Hz, *J(5,7b) = 2.06 Hz] can be
assigned to the two endo protons on C6 and C5, respectively.

The above-mentioned *J couplings between H5/H6 and H7b are typical for this type of bicyclic
structures.*®

10a

b Taib

10

Figure 2. 'H (A) and "“C (B) NMR spectra of 3-ex0,5-ex0,6-€x0,9,10,10-
hexachlorodihydrocamphene 2.
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Table 2. "H NMR chemical shifts (8, ppm from TMS) for 1-9

Proton 1 2 3 4 5 6 7* 8 9a° op°

H1 253 278 244 273 3.01 250 2.84 398 341 2.65
H4 3.00 297 3.53 3.50 3.05 3.57 3.08 3.04 3.63 3.56
HS 428 4.27 4.32 4.56 4.53

H6 455 451 472 470 4.60 4.76 5.70 491 4.75
H7a 232 233 246 246 231 251 246 260 257 255
H7b 233 231 271 2.68 229 272 238 223 253 343

H8 1.37 1.55 1.56

H8a 3.50 3.81 3.71 446 3.75 3.83
H8b  3.92 4.06 4.52 6.65 4.89 491 4.48
HY 147 1.54

H9a 3.88 393 6.10 399 399 6.53 6.46

H9b 3.57 3.69 4.02

HO9c¢ 4.18 6.47

Hl0a 6.01 6.09 6.83 690 599 6.79 7.10 6.07 6.85 6.87

4 Experiment at -50°C. b Experiment at 0°C.

The shift order of protons H6 and HS5 is based on two-dimensional ROESY experiment.
Inspection of the structure of 2 in Figure 1 reveals that H10a is closer to HS (H-H distance
2.32(4) A) than to H6 (H-H distance 3.23(4) A). H10a would therefore be expected to have a
stronger dipolar interaction with H5. This is indeed the case since the cross peak between H10a
and H5 is intensive and that between H10a and H6 is missing totally. In addition, the endo
methyl group on C2 shows an intensive interaction with H6 (H-C distance 2.52(3) A), whereas a
correlation with H5 is very weak (H-C distance 3.57(3) A).

The doublet of quartets at 6 3.88, which has one large and one small coupling constant
[2J(92,9b) = -11.35 Hz, *J(8,9a) = 0.81 Hz] and the doublet at § 3.57 [2J(9a2,9b) = -11.35 Hz] are
both connected to C9. The lower field signal belongs unambiguously to H9a since a planar W
pathway for long-range coupling exists only between the endo methyl group on C2 and H9a. The
quartet at H9a is in agreement with 3 equivalent protons on C8.

The two multiplets at & 2.97 [*J(1,4) = 2.76 Hz, *J(1,7a) = 1.64 Hz, *J(1,7b) = 1.52 Hz] and
at & 2.78 [\J(1,4) = 2.76 Hz, *J(4,7a) = 1.62 Hz, *J(4,7b) = 1.53 Hz], respectively, must be
attributed to H4 and H1. The electronegative chlorine substituents on C3 and CS5 result in a
downfield shift for H4 with respect to H1, which has only one chlorine atom in the near distance.
The two multiplets of strongly coupled nuclei, one at § 2.33 [2J(7a,7b) = -12.09 Hz, *J(1,7a) =
1.64 Hz, *J(4,7a) = 1.62 Hz], and the other one at ™ 2.31 [2J(7a,7b) = -12.09 Hz, *J(6,7b) = 2.25
Hz, *J(5,7b) = 2.06 Hz, *J(1,7b) = 1.52 Hz, *J(4,7b) = 1.53 Hz] belongs to the pair of geminal
protons on C7. Using the computer based analysis the lower field signal can be unambiguously
assigned to H7a since it has only three coupling constants in contrast to five coupling constants
of H7b.
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Table 3. "J("H,'H) Coupling constants (Hz) for 1-9

Protons 1 2 3 4 5 6 72 8 92° 9b°

1.4 279 276 0 274 271 3.01 290 273 3.1 3.02 292
1,7a 1.69 1.64 1.63 1.51 1.63 1.63 1.41 1.56 1.66 1.67
1,7b 1.57 1.52 1.89 1.89 1.46 1.85 1.32 1.49 1.72 1.69
1,8b -0.46

4,7a 1.62 1.62 1.55 1.54 1.65 1.55 1.65 1.62 1.61 1.50
4,7b 1.52 1.53 1.47 1.47 1.57 1.50 1.44 1.73 1.49 1.64

4.9c¢ 0.57
5,6 6.81 6.73 6.86 6.60

5,7b 2.16  2.06 2.09 2.13 3.19

6,7b 2.25 2.25 341 341 2.27 340 230 3.33 3.59
7a,7b  -11.96 -12.09 -12.52 -12.67 -12.30 -12.80 -12.43 -13.25 -13.06 -13.10
7a,8b 0.74 0.89 0.94 0.52 0.89 0.90 1.10
8,9a 0.81 0.82 0.59

8a,8b -11.25 -11.24 -11.74 -12.36 -12.81 -12.36
8a,9 1.25 1.24

8a,9a 1.92 1.90 2.01

9a,9b -11.35 -11.32 -12.18

9a,9¢ -12.48

4 Experiment at -50°C. b Experiment at 0°C

Finally, the high-field doublet at 6 1.37 [*J(8,9a) = 0.81 Hz], which shows three times higher
intensity compared with the other protons, can only be attributed to the endo methyl group on
C2.

Compound 1 is a hexachloro congener, which has similar 'H and *C spectral properties with
those of compound 2. Inspection of 'H, 'H coupling constants and ROESY correlations reveals
that the chloromethyl group on C2 is in an endo position and the methyl group is in an exo
position. Thus, compound 1 has the same structure as 2 with the one difference that in compound
1 the orientations of the substituents on C2 are interchanged with respect to those of compound
2.

In compound 1 there is a long-range coupling between the bridge proton H7a and H8b (°J =
0.74 Hz), which follows a near planar zigzag pathway. This coupling is typical for all
dihydrocamphenes examined with a CH2Cl or CHCI2 group in an endo configuration on C2.

Compounds 3, 4, and 5 are heptachloro congeners that have differences in chlorine
substitution on C5, C8, and C9. In the compounds 3 and 4, the additional chlorine is attached at
the endo position of C5. This is confirmed by the ROESY spectrum of 3 and 4, in which H10a
shows no correlation with the low-field doublet at ca. & 4.7. Instead, this doublet shows an
intensive interaction with H8a in 3 and with the endo methyl group in 4.

In compound 5, the additional chlorine atom is attached on C9. The proton on C9 shows a
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long-range coupling to the endo methyl group on C2 (*J = 0.59 Hz). This is possible only if there
is a planar W pathway between these two spins. Therefore, the proton must be in position H9a.

Compound 6 is an octachloro and compound 8 is a nonachloro congener, respectively, both
of which one of the ring carbons (C5 or C6) is doubly chlorinated. According to ROESY
correlations, compound 6 has two chlorine substituents on C5 whereas in compound 8 the two
chlorines are attached to C6. Compound 8 is the only dihydrocamphene examined in which the
long-range coupling between H1 and H8b (*J = -0.46 Hz) is detectable.

At 30°C the "H NMR spectrum of octachloro compound 7 and that of nonachloro congener 9
show significant broadening of the signals of several protons. These poorly 12
resolved spectra are attributed to the existence of several conformers in equilibrium due to the
rotation of chloromethyl and dichloromethyl groups. Therefore, the 'H spectra for 7 and 9 have
been recorded in the temperature range —60°C to +60°C, at intervals of 10°C.

The 'H spectrum of compound 7 at 30°C shows broadening of the signals of dichloromethyl
protons and of protons H1 and H6 at & 7.10, 6 6.65, & 5.70, and 6 2.84. This broadening gets
weaker at elevated temperature and disappears at -50°C. At lowered temperature no sign of
another conformation appear which means that the most stable conformation is predominant (>
90%) in equilibration mixture. The "H NMR parameters of compound 7 have been deduced from
the spectrum measured at -50°C and the favourable conformation of 7 is based on ROESY
experiment at the same temperature. The preferred conformation of 7, based on the NMR
analysis, is identical with that obtained from the theoretical calculations performed at the HF/6-
31G* level.

The 'H spectrum of compound 9 at 30°C shows two sets of broadened signals without fine
structure. At elevated temperature, only one set of signals is visible with weaker broadening. At
0°C broadening disappears and the fine structure of both sets of signals becomes clearly visible.
Therefore, at 0°C this compound exists in two conformations that are contributing in the
proportion of 71 (9a) to 29 (9b). On NMR time scale rotation is slow at 30°C, fast at 60°C, and
no rotation is observed at 0°C. The NMR parameters and conformational analysis of compound 9
are based on experiments performed at 0°C.

The only difference between the major conformation 9a and the minor conformation 9b is
the orientation of the chlorine atoms on C9. In conformer 9a, the strong long-range coupling
between H8a and proton on C9 (*J = 2.01 Hz) is possible only if there is a 13 planar W pathway
between these two spins. Therefore, in this conformation the proton on C9 must be in position
H9a. In conformer 9b above-mentioned W coupling disappears. Instead, there emerges a long-
range coupling between H4 and proton on C9 (*J = 0.57 Hz). This indicates that in 9b the proton
on C9 must be in position H9c or, otherwise, a near planar zigzag pathway for long-range
coupling is not possible. This finding is supported by the observation that H7b experiences a
significant downfield shift because of spatial proximity of electronegative chlorine atom in
position Cl9a.

Instead, H4 experiences a significant upfield shift indicating that electronegative atom is
moved away from its spatial proximity. The two conformations of 9, based on the NMR studies,
are completely consistent with those obtained from the geometry optimizations performed at the
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HF/6-31G* level.

The PFG 'H, >C HMQC *"* correlation map provides an assignment of the >C NMR
chemical shifts of protonated carbons, whereas the quaternary carbons are unambiguously
assigned by performing PFG 'H, *C HMBC *° experiments. The *C chemical shifts for 1-9 are
given in Table 4.

Table 4. Experimental vs. B3LYP/6-311G* predicted® ?C NMR chemical shifts (5, ppm from
TMS) for 1-9

Compound C1I C2 C3 C4 C5 C6 C7 (C8 (€9 cCio0

1 58.5 52.1 86.2 64.7 57.1 599 299 474 251 739
l (calc.) 574 553 858 64.0 573 59.2 30.5 465 245 742
2 56.6 49.8 859 645 57.0 603 30.8 183 52.0 744
2 (cale.) 55.8 529 85.6 63.7 572 59.6 313 193 498 74.6
3 58.8 520 88.6 714 91.6 705 345 476 25.0 745
3 (calc.) 57.1 55.1 88.0 70.3 93.1 68.8 34.8 46.6 244 748
4 56.5 49.7 88.5 713 91.6 702 355 188 519 753
4 (calc.) 553 527 879 703 93.0 68.6 355 19.7 49.7 753
5 59.6 57.8 837 660 57.0 60.2 299 13.1 78.6 73.7
5(calc.) 59.0 60.5 834 649 57.1 594 303 143 77.4 73.7
6 57.6 562 86.6 71.7 91.1 70.1 343 43.0 48.0 73.1
6 (calc.) 53.6 57.0 893 70.0 92.6 69.2 35.1 450 48.6 74.7
7 58,5 62.0 86.3 650 558 586 313 742 52.1 73.0
7 (calc.) 57.7 653 858 64.0 557 57.8 31.8 756 50.6 73.1
8 64.5 61.2 855 656 68.6 925 323 417 77.8 73.5

8 (calc.) 63.7 643 852 64.1 67.6 933 328 41.1 76.7 74.0
9a 5777 60.6 882 720 90.9 70.7 33.7 41.1 76.2 73.2
9a(calc.) 56.6 63.8 87.9 70.7 924 689 339 40.8 751 734
9b 58.0 60.7 852 70.8 91.5 70.8 350 44.7 73.1 72.8
Ob (calc.) 56.7 64.1 85.0 69.6 929 69.1 353 445 732 73.1

% From equation 2.

The >C NMR data of the dihydrocamphenes, registered at 30°C, confirm the proposed
structures. The spectra for compounds 1-6 and 8 show 10 sharp signals according to a single
conformation (see Figure 2B for an example). In the case of compound 7 the C NMR spectrum
shows sharp signals for nine of the carbons, while C9 present signal of low intensity and of
broadened linewidth. In the case of compound 9 the *C NMR spectrum contain two sets of
signals with different intensities, enabling assignment of the chemical shifts to conformers 9a
and 9b. The largest chemical shift difference. 6 between 9a and 9b is observed for C8, 3.6 ppm.
The other significant Ad involve C9 and C3, for which 3.1 and 3.0 ppm differences, respectively,
have been measured. The smallest chemical shift difference, 0.1 ppm, concern C2 and C6.

ISSN 1424-6376 Page 104 ®ARKAT USA, Inc



Issue in Honor of Professor Kalevi Pihlaja ARKIVOC 2001 (iii) 95-113

Quantum mechanical calculations

Full geometry optimizations have been performed at the ab initio HF/6-31G* level for a
comparison with the conformational and structural properties obtained from the NMR- and X-ray
experiments. The orientation of the chlorine atoms is equivalent with those obtained from the
NMR analysis and the optimized geometry of 2 is in excellent agreement with the crystal
structure, as shown in Figure 3. In comparison with the Xray data of 2, values for the C-C bond
lengths calculated at the HF/6-31G* level are too long while the C-Cl bond lengths are too short,
as shown in Table 1. Generally, the bond angles are reproduced within the deviation of one
degree. From the above it is evident that the structures of the polychlorinated dihydrocamphenes
can be accurately reproduced at the HF/6-31G* level for the NMR calculation purposes.

HF/6-31G* calculations indicate that only a single conformer is contributing significantly in
the case of compound 7 (at 223 K). For compound 9, HF/6-31G* predicts that the two rotamers,
9a and 9b, pictured in Figure 3 are contributing in the proportion of 59.3 (9a) to 40.7 (9b) at 273
K. These observations are in very good agreement with the NMR experiments.

Rotation barriers of 7and 9 have been characterized only with the semiempirical AMI1
method " due to the considerable computational cost required for corresponding ab initio
calculations. The barriers for chloromethyl and dichloromethyl group rotations have been
computed in steps of 10°, and the potential energy curves have been visualized with the
MATLAB program package.

For the rotation about the C2/C8, C2/C9, and C3/C10 bonds, three local minima of energy
are found, as shown in Figure 4. The torsional barriers in Figure 4 are referenced to their
respective global minimum for ease of comparison.

For compound 9, the a and b conformers are clearly visible (Figures 4A-C). As expected,
conformation 9a (heat of formation —188.78 kJ mol'l), with the chlorine atoms in 8c, 9b, 9¢, 10b,
and 10c positions, is predicted to be slightly more stable than conformation 9b (heat of formation
—183.89 kJ mol™). The barrier to rotation from the more stable a conformation to the less stable
b conformation is found to be ca. 72.2 kJ mol" and the Boltzmann distribution to be 89.6% (a)
and 10.4% (b). These observations are qualitatively in agreement with the NMR experiments
discussed above.

In the case of 7, two stable conformations are again found (Figures 4D-F). In this case, the
second conformation (chlorines in 8a, 8b, 9¢, 10b, and 10c positions; heat of formation —183.89
kI mol™) is in energy only 6.52 kJ mol™ higher than the optimal conformer (chlorines in 8a, Sc,
9b, 10b, and 10c positions; heat of formation —190.41 kJ mol']). However, no evidence of the
other stable conformation is found at the NMR and ab initio data. Reoptimization at the HF/6-
31G* level resulted in considerably larger energy difference of 14.7 kI mol™'. Therefore, there is
no need to consider the other conformer.

From the above it is evident that although the energy differences for the various
conformations leave a lot to be desired, the AM1 method is capable of the qualitatively accurate
prediction of the rotation barriers for the model polychlorinated dihydrocamphenes.'’
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g3a sh

Figure 3. HF/6-31G* optimized geometries of dihydrocamphenes 1-9. '°
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Figure 4. AMI1 calculated rotation barriers for compounds 9 (left) and 7 (right). A and D:

rotation about the C8/C2 bond, B and E: rotation about the C9/C2 bond, and C and F: rotation
about the C10/C3 bond.

The absolute shieldings for dihydrocamphenes and tetramethylsilane (TMS) have been
obtained using the GIAO'” method at the DFT B3LYP/6-311G* level of theory and HF/6-31G*
optimized geometries. The predicted *C chemical shifts are derived from equation & = o9 - o,

where ¢ is the chemical shift, ¢ is the absolute shielding, and oy is the absolute shielding of the
standard (in this case, TMS)."®

In general, the DFT GIAO predictions are considered to provide reliable values with
relatively small basis set and with reasonable computational efforts. Preliminary calculations
(data not shown), employing 2,2,3-ex0,5-endo,6-€x0,8,9,10- octachlorobornane (2,2,3-ex0,5-
endo,6-exo-pentachloro-1,7,7-tris-chloromethylbicyclo[2.2.1]heptane)

as a test molecule,
confirmed this clearly. The correlation coefficient between experimental® and calculated
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(GIAO/B3LYP/6-311G*//6-31G*) values for the test molecule was 0.9961. The testing of
different basis sets indicated that geometry optimization at the HF/6-31G* level is appropriate
for this family of molecules. Instead, the use of smaller basis sets such as 3-21G* was clearly
detrimental.

It revealed that B3LYP predicts BC shifts which, in general, are too deshielded. However,
the overall correlation between calculated and experimental chemical shift values is good, as
shown in Figure 5. The largest deviations lie in the range of 60-80 ppm, even though the largest
absolute errors occur with highly chlorinated carbons. The worst cases by far are the doubly
chlorinated ring carbons C5 and C6, for which the chemical shifts are predicted with an error,
that range from 18.1 to 18.7 ppm. The second worst case is doubly chlorinated C10, for which
experiment and theory disagree by 14.2-15.9 ppm. In the range of 55-70 ppm there are some
false assignments present for each dihydrocamphene except 2. Unfortunately, we have no sound
explanation to offer for this behaviour. It is possible that the basis set used is not large enough to
consider the influence of chlorines.

A comparison of the calculated and experimental data yielded the following linear correlation
between g and Ocale:

Sobs= 0.7918cq1c + 6.817 (Eqn. 1)

Observed &, (ppm)
2 i

EIIZ' 40 EIIZ' & 100 120
Calculated &, (ppm)

Figure 5. Correlation between experimental and theoretical °C chemical shifts.

with a standard error of 2.314 ppm and a squared correlation coefficient r* = 0.985 (Figure 5).
We improved the predictive ability of the model by adding an indicator variable N (the number
of chlorine atoms attached to each carbon) to the regression equation. Consequently, an adjusted
correlation between 0,bs and dcqc is obtained, expressed by the following equation:

Oobs = 0.86208¢a1c - 3.170N¢; + 4.316 (Eqn. 2)
The standard error is decreased to 1.435 ppm and the squared correlation coefficient is
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improved to 0.994. Furthermore, the largest absolute error is only -4.0 ppm. Most of the false
assignments are absent and the chemical shift variations associated with different conformations
of 9a and 9b are described correctly. As shown in Table 4, it is evident that GIAO B3LYP/6-
311G* method with equation 2 is capable of the accurate prediction of carbon chemical shifts for
selected polychlorinated dihydrocamphenes using the HF/6-31G* optimized structures as
geometry input.

Experimental Section

Compounds

3-ex0,5-ex0,6-ex0,8,10,10-hexachlorodihydrocamphene (3-ex0,5-ex0,6-exo-trichloro-2-endo-
chloromethyl-3-endo-dichloromethyl-2-exo-methyl-bicyclo[2.2.1]heptane) 1, 3-ex0,5-ex0,6-
€x0,9,10,10-hexachlorodihydrocamphene (3-ex0,5-ex0,6-exo-trichloro-2-exo-chloromethyl-3-
endo-dichloromethyl-2-endo-methyl-bicyclo[2.2.1]heptane) 2, 3-ex0,5,5,6-ex0,8,10,10-hepta-
chlorodihydrocamphene (3-ex0,5,5,6-exo-tetrachloro-2-endo-chloromethyl-3-endo-dichloro-
methyl-2-exo-methyl-bicyclo[2.2.1]heptane) 3, 3-€x0,5,5,6-€x0,9,10,10-heptachlorodihydro-
camphene (3-ex0,5,5,6-exo-tetrachloro-2-exochloromethyl-3-endo-dichloromethyl-2-endo-
methyl-bicyclo[2.2.1]heptane) 4, 3-ex0,5-ex0,6-€X0,9,9,10,10-heptachlorodihydrocamphene (3-
€X0,5-ex0,6-exo-trichloro-2-ex0,3-endo-bis-dichloromethyl-2-endo-methyl-bicyclo[2.2.1]hep-
tane) 5, 3-ex0,5,5,6-€x0,8,9,10,10-octachlorodihydrocamphene (3-ex0,5,5,6-exo-tetrachloro-2,2-
bischloromethyl-3-endo-dichloromethyl-bicyclo[2.2.1]heptane) 6, 3-ex0,5-ex0,6-€x0,8,8,9,10,10-
octachlorodihydrocamphene (3-ex0,5-ex0,6-exo-trichloro-2-exochloromethyl-2-endo,3-endo-bis-
dichloromethyl-bicyclo[2.2.1]heptane) 7, 3-ex0,5-€x0,6,6,8,9,9,10,10-nonachlorodihydrocam-
phene (3-ex0,5-ex0,6,6-tetrachloro-2-endochloromethyl-2-ex0,3-endo-bis-dichloromethyl-bi-
cyclo[2.2.1]heptane) 8, 3-exo,5,5,6-ex0,8,9,9,10,10-nonachlorodihydrocamphene (3-€xo,5,5,6-
exo-tetrachloro-2-endochloromethyl-2-ex0,3-endo-bis-dichloromethyl-bicyclo[2.2.1]heptane) 9.

Synthesis and isolation
All compounds were prepared by chlorination of lower chlorinated monoterpenes, followed by
fractionation on silica gel with hexane as eluent.” *'*> Compounds 1, 2, and 5 were obtained as
by-products from preparation of 2,2,5-endo,6-ex0,8,9,10-heptachlorobornane (2,2,5-endo,6-exo-
tetrachloro-1,7,7-tris-chloromethylbicyclo[2.2.1]heptane) by fractionation of chlorinated
camphene with an average content of chlorine 6.5 atoms in a molecule.** ** Compounds 3, 4, 6,
and 7 were prepared by fractionation of chlorinated 5-exo0,10-dichlorocamphene, average content
of chlorine 7.5 atoms in a molecule.” Compounds 8 and 9 were prepared by fractionation of
perchlorinated 5-exo,10-dichlorocamphene, average content of chlorine 9.5 atoms in a
molecule.® As a rule, several successive crystallizations from different solvents were a way to
final purification.

Relative GC retention times, determined against 2,2,5,5,8,9,9,10,10-nonachlorobornane
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(2,2,5,5-tetrachloro-7-chloromethyl-1,7-bis-dichloromethyl-bicyclo[2.2.1 heptane), are
summarized in Table 5. This compound was chosen because, according to our experience, it is
not interfered by co-elution. The GC experiments were carried out using a Varian 3700 gas
chromatograph. The GC was equipped with a 53 m DB-5 capillary column (0.25 mm i.d., 0.1 pm
film thickness) with nitrogen as the carrier gas (1.33 ml min™). The splitless injection port and
electron capture detector was maintained at 250°C and 300°C, respectively. Nitrogen was used
as the make-up gas (40 ml min™). The oven temperature was first held 2 min at 160°C followed
by a ramp to 280°C at 20°C min™', with a final hold of 10 min.*"*

Table 5. GC retention times (RRT) of 1-9 relative to 2,2,5,5,8,9,9,10,10-nonachlorobornane

Compound 1 2 3 4 5 6 7 8 9

RRT 0.8053 0.8191 0.8066 0.8335 0.9129 0.9422 0.9752 1.0416 1.0248

X-ray analysis

Colourless crystals of suitable size (0.10 - 0.10 - 0.30 mm) and quality for x-ray crystallographic
analysis was obtained by slow evaporation from CDClIs. The crystal structure data were recorded
with Nonius KappaCCD diffractometer using graphite monochromatised MoKo radiation (A =

0.71073 A) [oscillation angle of 1° and exposure time 2 - 120 sec] and the “™P*"'® of 173.0 +
0.1 K. The data were processed by DENZO-SMN.* The structures were solved by direct
methods (SHELXS-97)*” and refined on F? (SHELXL-97).*

C1o0H12Cle: Mr = 344.90, triclinic, space group P -1 (no. 2), a = 7.1965(2), b =13.8275(5), ¢ =
20.7769(6) A, V = 2012.8(1) A®, Z = 6, D. = 1.707 g cm™, F(000) =1044. 10812 reflections
collected in the 6-range 3.63 — 25.02° and used for refinement (5892 | > 2 cl). Reflections were
corrected for Lorenz polarisation effects. Absorption correction was made but not applied for
final refinement (L(MoK,) = 1.249 mm™). The hydrogen atoms were located from the difference
Fourier map and refined with isotropic temperature factors. The final R-values were R1 = 0.0392
and wR2 = 0.0819 for 5892 unique data with | > 26 and R1 = 0.0522 and wR2 = 0.0871 for all
data and 577 parameters: w = 1 / [6°(F,’) + 2.01 * P] where P = (Max (F >, 0) + 2 * F %) / 3 and
GooF = 1.098. The final difference map displayed no electron density higher than 0.35 e.A”.

NMR spectroscopy
All NMR experiments were performed on dilute CDCI; solutions at 30°C unless otherwise
stated. For compounds 7 and 9 'H spectra were recorded in the temperature range —60 to +60°C,
at intervals of 10°C. In addition to measurements at 30°C, ROESY spectrum for 7 and 9 were
recorded at —50°C and 0°C, respectively. NMR spectrometer used was Bruker Avance DRX 500
equipped with a z-gradient accessory and an inverse (or a direct detection) 5 mm diameter
probehead working at 500.13 MHz for 'H and 125.77 MHz for "°C, respectively. The chemical
shifts were referenced to the signal of 0.03% internal TMS.

The chemical shift assignments are based on two-dimensional DQF lH, 'H COSY,22 PFG lH,
Bc HMQC,27'29 'H, *C HMBC,* and 'H, 'H ROESY?® measurements. Detailed acquisition and
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processing parameters are available by E. K. on request. The '"H NMR spectral analysis was
performed with the PERCHit iterator”* under PERCH software® using a Pentium II 233 MHz
personal computer. The total lineshape fitting option of the PERCHit iterator was used for the
final refinement of the result.

Quantum mechanical calculations

Full geometry optimizations were done at the ab initio HF/6-31G* level. Rotation barriers for
compounds 7 and 9 were characterized with the semiempirical AM1 method."” The barriers for
chloromethyl and dichloromethyl group rotations were computed in steps of 10°, and the
potential energy curves were visualized with the MATLAB program package. The gauge-
including atomic orbital (GIAO) '” method was employed at the DFT B3LYP/6-311G* level to
calculate "°C isotropic shielding constants (o) for TMS (183.6 ppm) and the chlorinated
dihydrocamphenes studied. All calculations were done using the Gaussian98 program® running
on IBM RISC/6000 320 and Silicon Graphics Origin200 workstations.
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