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Abstracts 13C and 1H NMR chemical shifts of twenty-nine 1,2-disubstituted adamantanes were assigned
by means of 1D and 2D NMR techniques, particularly lH-UC correlations via long-range couplings using
the INAPT pulse sequence. Additivity of “~C substituent effects in these adamantanes was examined.
Intramolecular interactions between the neighboring substituents were shown to cause considerable non-
additivity effects. In particular, 13C signals for C-5 and C-7 in many of the compounds were found to be

opposite to the assignment of C-5 and C-7 in 2-monosubstituted adamantanes.

Adamantanes, being conformationally-rigid and minimally-strained molecules with well-defined geome-
try, are excellent models for studying NMR spectral parameters. Relatively little NMR spectral data has been
published on 1,2-disubstituted adamantanes. This may be attributed to the complexity of their NMR spectra.
The introduction of a variety of multi-pulsed one- (1D) and two-dimensional (2D) NMR techniquesz enabled us
to analyze 13C and lH NMR spectra of twenty-nine 1,2-disubstituted adamantanes.

In this report, our approach to the unequivocal assignment of 13C chemical shifts is discussed first.
Additivity of 13C substituents chemical shifts (SCS) is then examined. Finally, the lH spectra of these
adamantanes are analyzed. A detailed discussion of chemical shift assignments is presented just for a few
typical examples. Application of the same methodology permitted the analysis of lH and 13C NMR spectra of
the rest of the compounds (Tables I and II).
13¢ NMR signal assignments in 1,2-disubstituted adamantanes

The broad-band proton decoupled Be spectrum of each of the 1,2-disubstituted adamantanes shows
clearly resolved signals for each of the adamantane carbons (see, for example, the spectrum of 2-bromo-1-
(hydroxymethyl)adamantane shown in Fig. 2c). Several recent NMR techniques, such as APTJ, INEPT“,
DEPT’ , and SEMUTG, are available for distinguishing between methyl, methylene, methine and quarternary
13C signals. By using any one of these techniques, we could readily assign 13C signals: (a) C-1 is easily singled
out since it is the only quaternary carbon in the system, (b) Of the methine carbon (C-2, C-3, C-5, and C-7)
signals, the two farthest downfield are obviously attributed to C-2 and C-3, respectively, being deshielded by
the substituent at C-2. At this point, however, one cannot distinguish between the two upfield methine
signals, namely, C-5 and C-7. (c) Signals for the five adamantane methylene carbons (C-4, C-6, C-8, C-9, and
C-10) cannot be assigned at this juncture. Further assignments are possible by using 113 C correlations, as
discussed below.

Iy 13¢c correlations via long-range couplings

Bax’ has described recently a sensitive 1D NMR experiment which correlates a selected proton with
carbons that are 2 or 3 bonds removed from that proton. This technique, which was dubbed "INAPT"
(insensitive nuclei assigned by polarization transfer),8 is based on polarization transfer from 4t 13C via
long-range h3¢ coupling. We applied the INAPT technique to ascertain chemical shifts in 1,2-disubstituted
adamantanes as illustrated below using 2-bromo-1-(hydroxymethyl)adamantane (22) as an example.

The signal farthest downfield (& 4.65 ppm) in the 1y NMR spectrum of 22 obviously arises from H-2 (Fig.
1). When this proton is selected for polarization transfer in the INAPT experiment, the spectrum shown in Fig.
2a is obtained. This spectrum shows signals only from carbons that possess long-range coupling with H-2, such
as C-1 and C-3 (coupled to H-2 over 2 bonds), and C-4, C-8, C-9, C-10, and CH,OH (coupled to H-2 over 3
bonds). Since the 1 3C chemical shifts of C-1, C-3 and CH20H, have been already identified, assignment of the
remaining signals (C-4, C-8, C-9 and C-10) are addressed below. Also, absent from this spectrum are those
signals due to carbons which are not coupled to H-2 by 2- or 3-bonds, namely C-6, C-5, and C-7. Of these
three 13 C signals, C-6 can be readily identified being a methylene carbon, rather than a methine carbon. To
distinguish between the chemical shifts of C-5 and C-7 needed additional experimentation.
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Figure 2. INAPT spectra of 2-bromo-i-(hydroxymethyl)adamantane. (a) Selective polarization transfer via

13

long-range c-ln couplings from H-2. (b) Selective polarization transfer via long-range 13C-lH couplings

from H-9,, . {c) Broad-band decoupled spectrum.

Assignments of C-4, C-8, C-9, and C-10 signals are based on their chemical shift values. Both C-9 and
C-4 are Yg syn relative to the substituent at C-2, while C-8 and C-10 are Yanti® The Ysyn substituent effect is
large (~ 5-7 ppm) and is shte:ldu':gl2 »13 (see, also Table 11). Therefore, signals arising from C-4 and C-9 appear
farther upfield than those from C-8 and C-10. Due to the 8-effect of the bridgehead substituent, C-8 and C-9
are more deshielded than C-10 and C-4, respectively.

Support of the above assignments can be found in the relative intensities of the signals assigned to C-8
and C-10 vs those of C-9 and C-4 {Fig. 2a). The signal intensities in INAPT spectra are a function of the
magnitude of long-range coupling constants and the fixed delays (A and .32) used in the pulse sequence.7 For
an AX system, maximum polarization transfer is obtained when Al = (23)° l In the INAPT spectrum
shown in Fig. 2a, the delays used were: 4y = Az = 100 ms, which gave nse to signals of maximum intensity
when J = 5 Hz. Three-| bond carbon-proton couplings, J(C ,H), show dihedral angle dependence related to
proton-proton couplmgs. The dihedral angle between H-2 and either C-9 or C-l} 15 180°, while the dihedral
angle between H 2 and either C-S or C-10 is ~60%. Thus, J(H 2,C-9) and J(H»Z, -4) are expected to be
larger 10 than J(H 2,C-8) and J(H-ZC 10). For this reason, the signals for C-9 and C-4 are much more
intense than those for C-8 and C-10 (Fig. 2a). These relative intensity characteristics of C-9/C-4 vs. C-8/C-
10 confirmed their 1>C chemical shift assignments.
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Figure 3. 14-13¢ chemical shift correlation spectrum of 2-bromo-1-(hydroxymethyl)adamantane. A: Contour

plot of the 2-D spectrum. B: Cross-sections taken paralle! to the Iy axis. Each trace dislays the signal of the
proton(s} attached to an individual carbon.

At this point, it remains to differentiate between the chemical shifts of the two bridgehead carbons, C-5
and C-7. For this purpose we used the INAPT technique again as follows. The farthest upfield multiplet at
1.28 ppm in the Iy spectrum of 22 {Fig. 1) is assigned to the equatorial proton at C-9 (see below). Figure 2b
represents the INAPT spectrum obtained by polarization transfer from this proton (H-Se ). The 13C
resonances in this spectrum are due to those carbons which are coupled over 2- or 3-bonds to H-Se , namely,
C-1, C-5 (2-bonds) C-2, C-4, C-6, C-8, and Cﬁzoi-l {3-bonds). Notably, the signal from C-7 is absent thereby
distinguishing between §C-5 and C-7. Furthermore, the absence of C-10 signal corroborates the assignment
of ¢C-10 ys 5C-8, made above.

Following the above approach, all 13 C signals of twenty-nine 1,2-disubstituted adamantanes were
unequivocally assigned. The 13C chemical shifts of these compounds are reported in Table 1.

We previouslyM arrived at similar assignments for three of the twenty-nine 1,2-disubstituted adaman-
tanes, namely, 22, 21, and 28, by means of the 2D INADEQUATE NMR experiment.'” Although the technique is
perhaps more straightforward and more versatile than INAPT, it suffers from extremely low sensitivity. Large
amounts of samples (2-4 g, in 12 mm O.D, tubes) were required in order to obtain spectra with a reasonable
signal-to-noise ratio, even after long runs (12 hours). The beauty of the INAPT experiment is that it is
considerably more sensitive, requiring less than a 50-mg sample in order to obtain good signal-to-nolse ratios
in about 15 minutes. However, one important requirement for a successful INAPT experiment is that the
proton signal selected for polarization transfer (for example, H-2 and H-9 e in 22) should be free from overlap
with other resonances. This is because of the use of frequency-selective ('soft!) proton pulses in this
experiment. The above requirement is usually met by using modern high field NMR spectrometers. One can
also circumvent the use of soft pulses altogether by resorting to the 2D equivalents of INAPT, for example,
the COLOC pulse sm:;uence.l6 These 2D NMR methods are, however, much more time-consuming compared to
the INAPT experiment, especially if only a few essential correlations are needed.
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TABLE I: 13C CHEMICAL SHIFTS OF 1,2-DISUBSTITUTED ADAMANTANES®¢
v
1 ]
R/ s =
Compd X Y c-1 c-2 c-3 C-4 c-5 c-6 c-7 c-3 c-9  C-10
1 cl Cl Obsd 69.41 71,93  338.80 29.14  30.71  35.63 30.76  48.27 40.93 36.68
Calcd 75.80 78.05  39.03 28.60  30.69  35.33 30.10 48.02 40.85 35.77
NA -6.39  -6.12  -0.23  0.5% 0.02 0.30  0.66 0.25 0.08 0.91
2 Br Br Obsd 66.33 63,26  39.68 29.88  31.65  35.76 31.45  49.73 43.06 37.1)
Caled 74,78 74,65  40.63 29.38  31.87  35.6% 31.22  50.20 43,15 36.43
NA .51  -6.41  -0.95 0.50 -0.22 0.12  0.23  -0.47 -0.09  0.68
3 1 I Obsd 52.84 56.33  60.55 31.51  32.57  36.1% 32.02 51.68 47.27 37.12
Calcd 59.56  61.18  82.02 30.67  32.20  35.83 31.5%  53.26 47.%%  36.49
NA -6.70  -4.81  -1.47  0.8% 0.37 0.31 0.8  -1.58 -0.17  0.63
[ OCOCH, OCOCH, Obsd 79.69 75,90  36.33 30.57 29.76  35.92 30.03  39.46 36.16 35,20
Calcd 83,00 80.45 34,32 30.20 29.75  35.88 29.53  39.87 35,26 34.81
NA =371 -8.55 0.01  0.37 0.0! 6.06 0.50 -0.81 0.9  0.39
5 OH ci Obsd 69,08 73.85 37.82 29.56 29.64  36.13 29.99  43.68 39.00 37.0!
Calcd 75.57 7571 38.12 29.27 29.78  36.00 29.19  45.64 38.47 36.44
NA -6.99 -1,8  -0.30 0.29  -0.14 0.13  0.80 -1.96 0.53  0.57
6 OH Br Obsd 68.69 71.40  38.60 30.35 29.80  36.35 30.20  43.59 39.99 37.53
Calcd 76.27 70.7¢  38.82 30,00 30.06 36.26 29.%1  46.25 39.20 37.05
NA -7.58 0,66 -0.22 0,35  -0.26 0.09 0.79  -2.66 0.79  0.48
7 OH 1 Obsd 68,29 57.75  40.02 31.77  29.9  36.57 30.86  42.67 41.45 37.47
Calcd 77.33 58,25  39.88 31,31  30.06  36.57 29.40  46.33 80.51 37.13
NA -9.08  3.50 0.14 0.86  -0.12 0.10 1.06 -3.66 0.9¢ 0.3
sf OCOCH, cl Obsd 79.83  66.42  38.06 29.23  29.86  36.28 30.18  %0.56 36.40 36.8%
Caled 87.32 71.65 38,28 29.39  29.90  36.12 29.31  41.62 34.45 36.56
NA -7.49  -5.23  -0.18 -0.16 -0.04 0.16 0.87 -1.06 1.95 0.28
9o OCOCH, Br Obsd 79.28  62.06 38,57 30.69  29.90  36.81 30.22  &0.49 37.21 37.27
Calcd 83,02 66.68  38.9% 30.12  30.13  36.38 29.53  42.23 35.18 37.17
NA -8.78  -4.62 -0.37 0.57 -0.28 0.03  0.69 -1.74  2.03 0.10
10f OCOCH, 1 Obsd 79.00 46,60  39.99 32,27  30.17  36.76 30.49 39,49 38.81 37.39
Caled 89.08 50.19  #0.00 31.63  30.18  36.59 29.52  42.31 36.49 37.25
NA -10.08 -3.59 0.0l 0.8  -0.01 0.17  0.97  -2.82 2.32 0.l%
1n Br ct Obsd 66.56 72.22  38.62 28.72  31.20  35.22 30.95  49.42 41.9¢ 36.39
Caled 75.06  79.62  39.93 28.65  31.59  35.38 31.00 49,59 62.82 35.82
NA -7.08 -7.40  -1.31 0.07  -0.39  -0.16 -0.05  -0.17 -0,483  0.57
12 1 c! Obsd 51.92 74.37  38.06 29.0%4  32.05  35.60 31.62  52.90 45.08 36.96
Calcd 57.78 82.60  40.26 28.63  31.92  35.36 31.33  52.57 45.80 35.80
NA -5.86 -8.23  -2.20 0.4l 0.13 0.28  0.09 0.33  -0.36 1.16
13 ct Br Obsd 69,02 67.58  39.51 29.98 30.80 35.86 30.93  48.26 41.76 37.12
Calcd 76.50 73,08  39.73 29.33  30.97  35.59 30.32 48.63 41.58 36.33
NA -7.48  -5.50 -0.22 0.65  -0.17 0.27 0.6l -0.39 0.18 0.7%
1% 1 Br Obsd 51.65 70.65  38.89 29.96 32.32  35.91 31.69  53.09 45.88 37,43
Calcd 58,48 77.63  40.96 29.36  32.20  35.62 31.55 33.18 46.13 36.8!
NA -€.83  -6.98  -2.07 0.60 0.12 0.29 0.14 0,09 -0.25 1.02
15 cl 1 Obsd 63.94 52.21  41.05 31.86  30.97  36.06 31.22  46.83% 43.28 36.92
Caled 77.56  56.59  40.79 30.6%  30.97  35.30 30.31  %8.71 42.839 36.46
NA -83.62 -4.38 0.26 0.82 .00 0.26 0.91 -1.87  0.39 0.4
16 Br 1 Obsd 66.73  53.13  41.35 31.46  31.90  36.04 31.82  48.36 44.61 36.92
Calcd 75.80 58.16  41.69 30.69  31.837  35.85 31.21  50.28 84.46 36.51
NA -9.07  -5.03  -0.3% 0.77 0.03 0.19 0.61 -1.92 0.15  0.41
17 F Cl Obsd 95.49 68.16  38.85 29.47  30.4% 35,90 30.89  %2.95 36.23 36.55
Caled 99.85 73.10 38.36 29.01  30.52  35.7% 29.93 43,07 29,01 43,07
NA -5.36 -4.9%  -0.01 0.46  -0.08 0.16 1,96  -0.12 7,22 -6.52
J 193.1  16.7 3.9 1.8 9.5 1.9 9.2 17,3 17,1 1.9

CF
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TABLE 1 (CONTINUED)
Compd X Y C1 €2 €3 C4 C35 C6 C7 C3 C9 C-lo
13 F Br Obsd 90.64 6272 39.52 30.30  30.66 36.21 3.l A3l 3722 37.17
Calcd 10055 €3.13  39.36 29.7%  30.80  36.00 30.15 43.63 29.7% #3.63
NA 9.91 -5.81 0,04 0.3 -0.18 0.2l 0.9 -0.38 7.48 651
JCF 19%.% 16.2 3.9 1.0 9.3 1.7 9.4 17.8 16.6 1.4
19 F 1 Obsd 90.33 4570  80.64 30.60 3078 3636 31.22  42.13 38.36 .17
Calcd 10161 S51.64  #0.62 31.05 3080 36.21 30.18 43.76 31.05 #3.76
NA -11.23  -5.9%  0.02 0.45  -0.02  0.15 1.08 -1.63 7.31 -6.59
Iep 1902 160 37 16 9.0 L9 9.3 179 167 1.9
28 CHOH F Obsd BAL %617 3279 3108 T3 3636 .26 3779 3329 35.50
Caled  38.96 9675 3270 30.91 Z7.11  36.67 2677 37.02 32.77 35.16
NA 0.5 -0.58 0.09 0.7 0.8 0.19 0.4 077 0.52 0.3%
Icp 163 1790 18.0 1.6 0.0 0.0 L7 64 0.0 9.3
28 CH,OH c Obsd 39.20 €9.05 3637 3.0l 2733 7.3 27,74 39.36 3257 37.73
Calcd #1335 69.81 35,39 30.35 27.25 37.08 26.66 39.38 3221 37.52
NA -2.65 0.3 078 0.66 0.3 0.23 1.08 0.8 0.3 0.23
28 CcHOH B Obsd .16 6623 W17 376 27,37 3742 27.83  40.03 3308 33.28
Caled 82,55 6.8 36.29 31.08 2733 .34 26.88  39.99 329 33.13
NA 339 179 0.8 068 -0.16  0.08 1.00 0.0 0.4 0.1
28 CHOH 1 Obsd 3380 51.86  38.88 33.36  27.57 7.7 2832 38.92 34.23  33.40
Calcd  M3.61 7.95 37.35 3239 27.33  37.35 26.87 80.07 34.25 38.21
NA 481 391 133 0.7 008 0.9 13 o135 -0.02  0.19
a8 cHOH  CH, Obsd 37.65 32.90 3519 31.23 2,75 38.17 2879 4238 3410 40.01
Caled 7.1 83007 30.88 31.39  27.95 37.35 2771  40.87 33.25 38.61
NA 0.51 483 431 016 020 0.32 1.08  1.91 0.85 1.80
2" com F Obsd 83,27 94.55 3286 30.13 2678 35.97 26.93  38.50 31.95 35.13
Calcd 43,00 96.28  32.35 30.18 26,76  35.90 26.82  36.31 3226 34.39
NA 0.7 -1.69 0.1 0.8 0,02  0.07 051 239 031 0.7
Iep 134 1320 179 1.0 0.0 0.0 1.6 6.0 1.0 8.3
%" com cl Obsd .67 66,63 3557 2991  26.95 3640 26.97 4095 IL.Z7 I.28
Caled 4739 6890 35.28 29.33  26.90 3631 2631  38.87 3170 36.75
NA -7z 2.7 033 033 0,05 0.13  0.66  2.08 -0.43 0.53
7 com Br Obsd %670 6137 36.22 3078  27.07  36.63 27.10  41.30 31.97 37.78
Caled 48,59 €393 3598 3031 Z7.18 36,57 2653 39.48 32.83 7.3
NA 189 2.3 0.22 0.3 0.1 006 0.5  1.82 -0.6 0.a2
2" con 1 Obsd 8690 8335 36.99 32.39  27.32 .76 7.7 4079 3337 7.8
Caled  #9.63 9788  37.00 31.62 27.18 3678 26.52 39.36 33.7% 37.0%
NA 275 <359 0.0l 077 0.18 0.98 0.85 1.23 -0.37 0.0
M com CeH, Obsd 93.96  50.0% 3547 30.22  Z7.41  36.95 27.99  43.65 33.36  39.02
Caled  #3.13 #7.56 30.33 30.62 27.60 3638 27.36 39.96 3274 37.8
NA 0.2 2.38 4.9 0.0 -0.19 0.7 0.6 .69 0.62 .13

2In parts per million (&) downtleld from Internal (CHy),Si.

t’C)tmi = observed shifts measured at 90.8 MHz in ~ 1.5 M solutions in CDCI’.

€Calcd = calculated shifts, obtained by adding the respective substituent shifts to the shifts of adamantane itself (see text).

INA (Non-additivity) = Obsd — Caled.

€Chemlcal shifts ot OCC)CH3 carbons in & are: 169.91 and 169.76 (2 C=0), 22.37 and 21.13 (2 CH’).

’Chemnal shifts of the OCOCH, carbons In compounds 8, 9, and 10, are: 169.38, 169.79, 169.35 (C=0), 22.20, 22,25, 22.87 (CH;), respectively.

EChemical shifts of the CHon carbons In compounds 20-2%, ares 69.19, 69.35, 71.19, 74.10, 70,33, respectively.

hChemxal shifts of C02H carbons in compounds 25-29, are: 131.9%, 181.18, 130.8%, 180.80, 182,92, respectively.

Ichemical shifts of the phenyl carbons 1n 28 ares 134,35 (C-0), 129.48 (C-0), 127.96 (C-m), 125.79 (C-p)s In compound 29 ares 143.85 (C-1), 128.01,
127.96 {C-o0 and C-m), 125.59 (C-p).
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Additivity of 13C substituent chemical shifts in 1,2-disubstituted adamantanes

It was of interest to examine the additivity of 3¢ substituents chemical shifts (SCS) in 1,2-disubstituted
13C shifts of 1,2-disubstituted adamantanes can be calculated by adding the respective SCS
values to §C-1 or §C-2 of adamantane itself.17 The SCS values reported in Table Il were calculated by
subtracting the chemical shifts of identical carbons in adamantane from that of the corresponding
monosubstituted adamantane.

adamantanes.

The SCS values in Table II were used to calculate the chemical shifts in 1,2-disubstituted adamantanes.
It becomes obvious (Table 1) that there is considerable deviation (non-additivity, NA) between some of the
calculated and observed chemical shifts especially for C-1 and C-2. One might expect this non-additivity to
be due to considerable intramolecular interactions between the neighboring substituents at C-1 and C-2. Non-

additivities have been reported for 13C chemical shifts of 2,4-disubstituted adamanmnes.18 On the other

hand, good additivity was observed in 1,3-disubstituted adamantanes,lz and in 2,6-disubstituted adamantanes19

where the substituents are far enough apart to interact minimally.

TABLE I 3¢ SUBSTITUENTS CHEMICAL SHIFTS (SCS) IN MONOSUBSTITUTED ADAMANTANES

Bridgehead SCS Bridge SCS

x @ 8 Y 8 Y e g Ysyn  VYant Ssyn Sant €
F 64.06 4.95 3,07 -1.9% F 57.70 .50 -6.28 -2.03 -1.09 -1.%3 -0.52
Cl 40.01 9.90 3.2 -2.35 Cl 30.36 7.39  -6.34 0.33 -0.95 -1.54 -0.11
Br 38.25 11.47 .14 -2.30 Br 25.39 8.09 -6.11 0.94 -0.67 -1.32 0.15
1 21.99 18.45 4.47 -2,32 1 8.90 9.1% -4.80 1.02 -0.67 -1.33  0.36
OH 39.78 7.56 2,33 -].68 OH 36.74% 6.17 -6.75 -1.26 -0.87  -1.32 -0.19
OCOCH3 51.53 3.50 2,45  -1.56 OCOCH3 39.16 3.47 -6.03  -1.42 -1.10  -1.32 -0.35
CHZOH 6.06 1.26 -0.20 -0.60 CG“’ 9.02 2.68 -5.80 1.42 -0.25 -0.49 0.16
C02H 12.10 0.75 -0.355 -1.37

C-5 and C-7 Carbon-13 chemical shifts in !,2-disubstituted adamantanes

The assignment of the 6syn and s, .. carbons (C-5 and C-7, respectively) in 2-monosubstituted
adamantanes has been debatable for almost 15 years.20 Although the correct assignment was suggested early
by Duddeck and co-workersls‘-'l’21 it was not until recently that it has been unequivocally proven.zz’23 The

s yn signals appear downfield compared to the &

;
s counterparts.

An interesting set of results is reported fr;:l the chemical shifts of C-5 and C-7 in 1,2-disubstituted
adamantanes, In these compounds, C-5 and C-7 are symmetrically disposed with respect to the substituent at
C-1. However, they are ssyn and santi’ respectively, in relation to the substituent at C-2. Close examination
of the data in Table I shows that the assignments of these two & resonances in all but six of the compounds
examined are opposite to those of the corresponding 2-substituted adamantanes. This "reversal" of the §
effect of the substituent at C-2 in 1,2-disubstituted adamantanes, can be attributed to the strong interaction
between the two substituents. The nature of the interaction responsible for this reversal 1s however not
immediately apparent.

The six compounds which do not exhibit such reversal of the resonance assignments are 2, 3, 11, 12, 18,
and 16. Interestingly, each one of these compounds has either a bromo or an iodo group at C-1. Furthermore,
the observed difference between the chemica! shift of C-5 and C-7 roughly increases for1 > Br > Cl groups at
C-2. On the contrary, these differences decrease for F - Cl <Br < I groups at C-1.
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14 NMR spectra of 1,2-disubstituted adamantanes

In spite of their complexity, analysis of the lH NMR spectra of 1,2-disubstituted adamantanes was
possible by the use of 2D heteronuclear shift correlation techniques.z" As an example, the 2D heteronuclear
shift correlation spectrum of 22 is shown in Fig. 3a. Using cross sections parallel to the proton axis in this
spectrum permitted us to extract all of the ly chemical shifts (Fig. 3b). lH chemical shifts for the other 1,2~
disubstituted adamantanes were determined similarly and are reported in Table IHI.

To distinguish between the two geminal (axial and equatorial)zs protons on each of the C-4, C-6, C-8, C~
9, C-10, we analyzed the coupling network of the IH NMR spectra using the COSY experimem..26 To
iltustrate this point, the COSY spectrum of 1,2-dibromoadamantane (2) is shown in Fig. 4. The equivalent of
the conventional 'H spectrum appears on the diagonal line. Off-diagonal (cross) peaks indicate J coupling
between the corresponding diagonal peaks. From this COSY spectrum it is evident that the farthest downfield
proton {H-2) is coupled to three protons: H-3, H'geq’ and H-neq. Coupling between H-2 and each of H~9eq and
H-aeq is due to a planar W arrangement between them. H—bax and H-9ax, on the other hand, do not show
coupling to H-2. This coupling to the equatorial, rather than the axial, H-4 and H-9 protons permits us to
distinguish immedlately between these geminal protons.
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Figure 4, COSY Spectrum of 1,2-dibromoadamantane. A: Full spectrum. B: Expansion of the upfield region.
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TABLE I 'H CHEMICAL SHIFTS OF 1,2-DISUBSTITUTED ADAMANTANES®

x ‘.
Y [\ o

Com- X Y H2 H3 H4® Ha® Hos He  H7 Hs® H8® Ho® Hoo® Hae® mao®

pound (ax) (eq (e (ax) (ax) f(eq) (eq (ax)
1 c c 833 233 222 150 208 170,170 211 235 217 257 188 183 1.80
2 Br Br 872 246 239 163 206 178,176 201 269 248 283 216 195 L9
3 1 t 502 250 256 182 185 135,185 201 343 288 3.0 249 200 200
’ OCOCH, OCOCH, 5.1 221 L% 147 201 167, L67 202 230 230 220 211 180 173
5 oH c 023 229 209 186 207 167,160 213 19 175 218 Ls3 148 L7
6 OH Be 050 238 218 156 2.09 168,166 207 206 181 220 155 187 179
7 oH ! 075 280 223 16l 206 1.69,1.63 216 213 187 215 136 185 176
s ococH, ci 5.06 230 218 149 201 168,168 205  2.60 2.07 228 L7a 182 182
9 OCOCH, Br 535 236 226 156 210 1.69,1.69 217 268 203 231 176 185 L3S
10 OCOCH, I 5.55 241 232 166 209 171,171 221 276 248 230 177 1.9 183
1 Be a 046 236 229 156 208 176,17% 206 259 241 278 211 19 186
12 1 cl w36 236 236 165 192 183,180 150 239 272 298 238 202 196
13 c Br 039 243 233 156 209 L7L,L71 205 2.5 223 263 192 187 1.7
1 1 Br S8l 248 286 171 188 186,182 192 299 278 3.03 242 206  19%
15 a 1 036 246 280 165 207 173,173 220 255 231 261 196 152 L8l
16 Br 1 299 250 247 172 202 177,177 217 280 255 230 219 196 187
17 F c 028 236 215 148 219 L6, 165 223 207 191 242 168 188  L7e
13 F Br 206 261 225 153 219 167,165 225 218 1.9 2.47 170 185 178
19 F 1 8.65 246 228 Lev 217 168,166 230 206 201 246 171 135 L79
2 CHOH F 0.66 218 200 136 196 175,165 192 1.63 153 189 130 185  1.65
2 CHoH CI o338 213 220 157 193 175,165 196 186 1.66 182 122 189 173
2 CH0H  Br %65 227 229 1.6 196 175,169 201 19 177 18 128 183 183
2 CHoH 1 587 236 236 176 198 182,171 208 200 186 178 133 19 183
xn CH,0H CcHs 296 193 220 195 213 140,176 209 145 16l 212 142 190 190
25 CoM F 099 225 2001 L% 200 171,171 196 151 191 222 186 189 175
2 coH c a6l 219 220 155 203 175,169 201 205 199 234 13 197 189
z7 CoH  Br 820 227 227 L6l 203 177,169 208 211 203 238 187 195 193
z coH 1 899 232 23 171 208 L77,17% 211 219 209 237 15 208 191
» COH  CHy 238 207 162 141 200 170,170 206 209 189 250 196 196 196

SChemical shifts were determined at 360 MHz using 1.5 M solutlons in CDCL

(CH,),S1.

4 and are expressed in ppm (§) downfield from internal

t’Une':;mvocal distinctlon between ax:al and equatorial protons was only possibl

chemical shift of these two protons may be interchanged (see text).

for 1,2-dthal

tanes. For the other compounds, the

€Chemical shift differences between axlal and equatorial H-6 are too small to permit unambiguous assignments.
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Similar arguments are used to establish chemical shifts of other geminal protons. For example, in the
expanded upfield portion of the COSY spectrum of 2 (Fig. 4B), the signal for H-9, (2.83 ppm), which has been
assigned to H-9_ _, shows couplings to H—Sax, H-5, H-9eq, and H-Geq. Again, H-Sax, but not H-Seq, is coupled
to this proton (H-9ax) via 4-bond W coupling. Similarly, H-9ax is coupled to H-seq rather than to H-sax. The
next upfield signal at 2.69 ppm, which has just been assigned to H-Seq, shows couplings to H-aax’ H-7, H-lOeq.
The equatorial and not the axial H-10 has a W-relationships with H-8 eq" This argument can be extended to the
remaining couplings which are clearly labeled in Fig. 4B.

A few comments are appropriate regards the above assignments of the lI-l chemical shifts of the geminal
protons at C-4, C-8, C-9 and C-10. The difference in chemical shifts of the two protons attached to the Ysyn
carbons (C-4 and C-9), is very large compared to those in protons attached to the v anti carbons (C-8 and C-
10). Furthermore, the chemical shifts of the equatorial protons on C-9 and C-4 are upfield compared to those
of the corresponding axial protons on these carbons. The reverse holds regarding the equatorial and axial
protons on C-8 and C-10. These chemical shift characteristics were noted for corresponding protons in 1H
NMR spectra of 2-monosubstituted adamantanes.27

The above analysis was applied to other 1,2-dihaloadamantanes. The interpretation of the COSY spectra
of other compounds was somewhat hampered by severe overlaps of proton signals. The distinction between H-
by ¥s H-be and between H-9 ax X8 H-9e can be made safely on the basis of large differences in their
chemical shift, namely, the equatorial protons are upfield relative to the axial protons. For H-6, H-8 and H-
10, chemical shift differences are too small to permit such generalizations.

Conclusions

We have applied recent 1D and 2D NMR techniques to assign 13 C and Iy chemical shifts of some
twenty-nine [,2-disubstituted adamantanes. Particularly useful were lH-uC correlations via long-range
couplings established by means of the 1D INAPT NMR experiment. Additivities of substituent effects on 13C
chemical shifts in these compounds were evaluated. Intramolecular interactions between the two vicinal
substituents cause Interesting non-additivity effects.

Experimental Section

The synthesis of the 1,2-disubstituted adamantanes used in this study was described in the preceding
paper. y and B¢ NMr spectra were recorded on a Nicolet NIC-360 NB spectrometer equipped with a 293C
programmable pulser and a 1180 data system and operating at 361.075 MHz for 'Y and 90.79 MHz for 13C.
Chemical shifts are reported in parts per million (6) downfield from internal (CH,)bSi. Approximately 1.5 M
solutions in CDCl3 were used.

The 90° 13C pulse lengths for 5 and 12 mm probes were 9 and 22 s, respectively. The 90° ll-l pulse
length from the decoupler channel were 40 and 85 us. The decoupler hard pulses were calibrated as described
by Bax,28 using benzene with Cr(acac)3. The decoupler soft pulses were calibrated by the same method but
using a sample of acetic acid in C D, The splitting of the carbonyl signal [z_J_(CO,CHB) = 6.7 HzJ was
utilized for calibration.

INAPT spectra were obtained using the pulse sequence described by Bax et a_l.7’8 The fixed delays (Al
and Az) used in the pulse sequence were set to 100 ms. The proton 90° soft pulse length was set to 10 ms
which corresponds to szl 21w =25 Hz. An 8-step phase cycle was used consisting of inversion of the last 90°
proton pulse and the receiver phases, together with the conventional CYCLOPS.29

Heteronuclear shift correlated spectra were obtained using the pulse sequence described by Bax and

Morris,zl‘b

with a mixing delay of 3.9 ms and a refocusing delay of 2.4 ms; the relaxation delay was 1 s. An 8-
step phase cycle was employed consisting of the basic 4-step cycle,zub together with simultaneous inversion of
the phases of the first proton pulse and the 180 carbon pulse. The initial data matrix consisted of 256 x 2048

points and was zero-filled in F | o 512 x 2048 points. For each t, increment, 32 scans were averaged.

Gaussian line broadening and shifted sine-bell functions were used in thle F2 and Fl respectively. The spectra
were displayed in the absolute value mode.

Homonuclear shift-correlated (COSY) spectra were obtained using Jeener's 2-pulse sequence,26 with a 16
step phase cycle selecting N-type cross peaks.3o A read pulse of 90° and a relaxation delay of | s were used.
Data matrices typically were 512 x 1024 points. Sine-bell function was used in both dimensions. The spectra

were displayed in the absolute value mode and symmetrized.”
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