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Summary

In the '*C NMR spectra of tricarbonyl(n®-cyclophane)molybdenum complexes,
where the cyclophane moiety is [8]-[15]paracyclophanes, [2.2]paracyclophane, or
[2.2]metacyclophane, the complexation shifts for the complexed-ring carbons are
dependent on both the degree and the direction of the ring bending. The magnitude
of the complexation effect on the one-bond aromatic *C-'H coupling correlates
with the magnitude of the complexation shift.

Introduction

As is well known, complexation of arenes with transition metals causes large
upfield shifts of '*C NMR peaks for the aryl carbons. Many attempts have been
made to explain the origin of the complexation shift in terms of a variety of causes
associated with the m-bonding [1,2], but they are all hampered by the approxima-
tions involved in any theoretical approach. It should be noted that no attention has
been paid to geometrical factors, such as changes in molecular geometry on com-
plexation [3]. Quite recently, we found in Cr and Fe complexes of [2.2]cyclo-
phanes [4,5] and [n]paracyclophanes [6] that the complexation shift is dependent on
the interatomic metal-carbon distance.

In order to accumulate further data for complexes of other metals, our study has
been extended to a series of molybdenum complexes of the types ([n]pc)(CO);Mo
(2-6), ({2.2]pc)(CO);Mo (7), and ([2.2]mc)(CO);Mo (9), where n is 15, 12, 11, 9 or 8,
and pc and mc denote para- and meta-cyclophane. These new cyclophane complexes
were prepared in the usual manner [7] and were confirmed by 'H NMR and
elemental analysis (see Experimental). Similar complexes of p- and m-xylene (1 and
8) were used as reference complexes.

0022-328X /86 /303.50 © 1986 Elsevier Sequoia S.A.
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Results and discussion

The *C NMR chemical shifts (8 in ppm from internal TMS, recorded in CDCl,)
for 1-9 and their parent hydrocarbons are summarized in Scheme 1 and Table 1. In
Scheme 1 the values in parentheses are the shift differences from the parent
hydrocarbons, i.e., the complexation shifts: A8 = §(hydrocarbon) — 8(complex). Ta-
ble 2 gives the A§ values for the aromatic tertiary (C,) and quaternary carbons (C,)
of 1-9 together with the one-bond aromatic C—-H coupling data. The chemical shifts
for the parent hydrocarbons of 1-9 are the same as those reported in the literature
[8,9].

The chemical shift assignments for C,, C;, C(1) (benzylic methylene carbon), and
CO of 1-9 are based on their characteristic chemical shifts and signal intensities. In
9, C(5) and C(8) were discriminated with off-resonance decoupling. In Table 1, the
methylene carbons, except for C(1), of 3-6 were assigned mainly by comparison
with the data for their parent cyclophanes [9] by taking account of the fact that the
complexation effects on side-chain carbons of arenes are generally very small [10].
Signal intensity consideration was also paid to C(8) of 2, C(6) of 4, and C(5) of 5.
The C(2)-C(7) assignments for 2 and its parent hydrocarbon are all uncertain.

Basic geometry. 'The molecular structures of 1-9 are not known, but the benzene
rings of the parent cyclophanes are known or were predicted to be bent into shallow
boats to different degrees [11-16}, as summarized in Table 2. In the [a]pc hydro-
carbons, the predicted ring-bending angle (#) increases with a decreasing n. In the
parent [8]pc hydrocarbon of 6, the predicted angles are larger than the measured
value of 9.1° [14], which is small compared with the measured angle of 12.6° in
[2.2]pc [15]. On the other hand, ([2.2]pc)(CO);Cr shows a value of 12.2° for 8, in the
solid state [17], indicating that there is no substantial change in # upon complexa-
tion. These results taken together suggest that # in each complex increases in going
from 1 to 7. In [2.2]mc, the benzene rings are bent into unsymmetrical boats, where
C(5) is displaced out of the mean plane by 4.1° away from the other ring and C(8) is
displaced by 9.5° in the same direction [16].

In Table 1, the complexation shifts for the methylene carbons in each [n]pc
complex are very small. In accordance with the results of a molecular-model
examination, this suggests that the Mo atom is coordinated onto the outside face of
the benzene ring, as shown in Scheme 1. Moreover, the CO carbon resonance shows
a sharp singlet in all cases indicating rapid intramolecular motion.

Complexation shifts. 1In Table 1, inspection of the methylene carbon resonances
shows that A8 of C(1) increases, in going from 2 to 6, from 0.1 to 1.7 ppm. Such a
distinct trend is not found for any of the other methylene complexes. The CO
carbon resonance is not sensitive to the change in 6.

In Table 2, the reference complex 1 shows smaller A8 for C, than for C,, perhaps
because of a lower electron density on C; resulting from the electronic effects of the
attached methyl groups [2]. It is of interest that the difference in A8 between C, and
C, increases with an increase in 4. In going from 2 to 6, the complexation-shift
difference (A448) for C, from 1 increases from 0.1 to 3.5 ppm, whereas AA8 for C,
decreases from 0.2 to — 6.1 ppm. In 7 with a larger # value, where there is neither a
significant transannular nor a through-bond electronic effect on A8 of the uncom-
plexed ring [4,5], C, shows a larger positive 448 (5.1 ppm) and C, shows a larger
negative 448 (—9.5 ppm). Moreover, in 9, C,(5) and C,(8), both displaced from
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TABLE 2

COMPLEXATION SHIFTS (48), ONE-BOND C,-H COUPLING CONSTANTS (J(CH)) AND
RING-BENDING ANGLES (8)

Complex  Carbon 48 ° A48° JCHY  AJ? 8¢9

(ppm) (ppm) (Hz) (Hz) uv FF X-rat
1 C, 242
C, 326 1m 15
2 C, 244 0.2 <5*
C, 32.7 0.1 17 16
3 C, 234 ~0.8 5!
C, 335 09 17 16
4 C, 234 —-0.8 5k
C, 33.7 1.1 17 16
5 C, 20.4 -38 15°¢ 854
C, 35.2 26 1n 14
6 C, 18.1 ~6.1 20 1257 9.1*
C, 36.1 3.5 -
7 C,® 14.7 -95 126/
C.(4) 37.7 5.1 -
C,(11) -02
C.(12) -0.7 i
8 Cc,3 231
C,(4) 339 174 17
C.(5) 30.6 1m 12
C.(2) 342 m 17
9 c,® 231 00/
C.@ 29.7 -42/ 1m 14
C.(5) 38.0 747 174 15 41"
C.(®) 39.0 487 174 16 95m
c,(11) 0.5
C.(12) -12 161 4
C,(13) -22 161 2
C,(16) -21 159 1

“ A8 = 8 (hydrocarbon)— 8(complex). ® AAS = A§(cyclophane complex)— Ad(reference 1). < 'J(CH) for
the indicated C, atom. ¢A'J =1J(CH)complex)— J(CH)hydrocarbon). ¢ The bending angle of the
benzene ring in the parent hydrocarbon, predicted by UV spectroscopy (UV) or molecular force field
calculation (FF) or based on crystal X-ray diffraction.” AA8 from reference 8. # Not measured. # Ref. 11.
‘ Ref. 12.7 Ref. 13. * Ref. 14. / Ref. 15. ™ Ref. 16.

planarity towards Mo, show large positive AAd’s from those of 8 (7.4 and 4.8 ppm)
compared with —4.2 ppm for C,(3) and 0.0 ppm for C,(4). Therefore the magnitude
of AAS or AS is dependent on both the degree and the direction of the ring bending,.
This geometry dependence of A8 is probably related to the interatomic distance
between the Mo and the ligand carbon, because the Mo-C, distances in [1,3,5-
(CH,),C¢H,] and [(CH;)CsJ(CO)3Mo, in the solid state, [18] correlate with the A
values for the C; atoms [19] (Table 3). Similar correlations are known in (7-arene)Cr
and Fe complexes {4-6].

One-bond aromatic '’C—'H coupling constants. Transition metal complexations
of arenes generally increase one-bond aromatic C-H coupling constants in the
arenes and the origin of this complexation effect has been ascribed to several causes
[19,20]. In complex 9, the magnitude of the complexation effect (A'J) is much larger
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TABLE 3
COMPLEXATION SHIFTS (48) AND INTERATOMIC Mo-C DISTANCES (d4)

Complex Carbon d“(A) A8 ? (ppm)
[1,3,5-(CH;);CsH3](CO);Mo G 32,9
2372
C, 26.9
[(CH3)¢Cs(CO) ;Mo G, 2.392 20.8

% Mean distance between Mo and the indicated carbon in the solid state [18]. * Data in CH,Cl, [19].

in the complexed ring than in the uncomplexed ring and correlates with the
magnitude of Ad, as Table 2 shows. In all complexes, AY tends to increase with an
increase in A8 but does not always reflect small differences in Ad. It thus appears
that the factors which influence A8 have some direct influence on AY.

Experimental

Materials. The complexes 1 and 8 [7] were prepared by literature methods and
the new substances, were prepared in a similar manner. The parent cyclophanes used
were already available in our laboratory as a consequence of previous work [4-6].

Tricarbonyl(v’-[15]paracyclophane)molybdenum (2). M.p. 95-96°C (from pen-
tane); '"H NMR, & 0.78-1.80 (26 H, m, CH,), 2.20-2.50 (4H, m, CH,), 5.61 (4 H, s,
CcH,). Anal. Found: C, 61.78; H, 7.35. C,,H;,Mo00, calcd.: C, 61.80; H, 7.35%.

Tricarbonyl(v’-[12]paracyclophane)molybdenum (3). M.p. dec. 126°C (from
hexane); '"H NMR, & 0.84-1.80 (20 H, m, CH,), 2.20-2.48 (4 H, m, CH,), 5.61 (4H,
s, C¢H,). Anal. Found: C, 59.42; H, 6.68. C;;H,3sMo0O; calcd.: C, 59.43; H, 6.65%.

Triarbonyl(n°-{11]paracyclophane)molybdenum (4). M.p. dec. 132°C (from
hexane); 'H NMR, & 0.76-1.80 (18 H, m, CH,), 2.20-2.44 (4H, m, CH,), 5.63 (4 H,
s, C¢H,). Anal. Found: C, 58.43; H, 6.39. C,;H,sMoO; calcd.: C, 58.54; H, 6.39%.

Tricarbonyl(v°-[9]paracyclophane)molybdenum (5). M.p. dec. 148°C (from
hexane); '"H NMR, § 0.70-1.00 (6 H, m, CH,), 1.10-1.39 (4 H, m, CH,), 1.46-1.77
(4 H, m, CH,), 2.28-2.49 (4 H, m, CH,), 5.61 (4 H, 5, C;H,). Anal. Found: C,
56.46; H, 5.81. C;3H,,M00, caled.: C, 56.55; H, 5.80%.

Tricarbonyl(v°-[8]paracyclophane)molybdenum (6). M.p. dec. 137°C (from
hexane); '"H NMR, 8 0.75-0.94 (4 H, m, CH,), 1.08-1.36 (4 H, m, CH,), 1.56-1.85
(4 H, m, CH,), 1.33-1.58 (4 H, m, CH,), 5.65 (4 H, s, C;H,). Anal. Found: C,
55.15; H, 5.45. C;;H,,MoO; caled.: C, 55.44; H, 5.47%.

Tricarbonyl(3-8-n-[2.2]paracyclophane)molybdenum (7). M.p. dec. 172°C (from
benzene); '"H NMR, & 2.76-3.03 (4 H, m, CH,), 3.12-3.37 (4 H, m, CH,), 4.99 (4
H, s, complexed C¢H,), 6.90 (4 H, s, uncomplexed C¢H,). Anal. Found: C, 58.84;
H, 4.18. C,;H,;;Mo0O; caled.: C, 58.78; H, 4.15%.

Tricarbonyl(3—-8-1-[2.2 ]metacyclophane)molybdenum (9). M.p. dec. 158°C (from
hexane); '"H NMR, 6 1.89 2 H, m, CH,), 242 2 H, m, CH,), 2.72 (1 H, broad s,
C(8)H), 2.85 (2 H, m, CH,), 3.29 (2 H, m, CH,), 5.52 (1 H, broad s, C(16)H), 5.63
(3 H, m, C(4), C(5) and C(6) H’s), 7.07 (2 H, m, C(12) and C(15) H’s), 7.34-7.48 (1
H, m, C(13)H). Anal. Found: C, 58.44; H, 4.15. C,;H;,M0O, calcd.: C, 58.78; H,
4.15%.

Spectra. The >C and "H NMR spectra were measured on a JEOL JNM-FX-100
(25.15 MHz) and a JEOL JNM4H-100 spectrometer (100 MHz), respectively, at
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ambient temperature, as described previously [21], for ca. 5 w/v% or less solutions in
CDCl,; tetramethylsilane was used as the internal reference. The C-H coupling
constants were measured with gated decoupling.
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