COMMUNICATIONS

fz’ A Cyclodextrin Diphosphane as a First and

Second Coordination Sphere Cavitand:
Evidence for Weak C—H - CI-M Hydrogen
Bonds within Metal-Capped Cavities

Eric Engeldinger, Dominique Armspach,*
Dominique Matt,* Peter G. Jones, and Richard Welter

Metallocavitands are coordination compounds that provide
the opportunity to study host—guest interactions between
metal-bonded substrates and the internal part of a molecular
cavity.l''' Those in which a metal center is rigidly held above
the entrance of an opened cavity are particularly promising
since they may force the latter to form a second coordination
sphere with certain ligands.'> ¥ Through coordination, the
sequestered fragments are subjected to restricted movement
and their controlled positioning is expected to allow specific,
weak interactions to operate.

Modified cyclodextrins are amongst the most studied
molecular cavities, in particular for their ability to form
inclusion complexes with a large range of substrates in
water.*'®l Many interesting applications derive from this
property,'72 but to date little structural data are available
about weak, noncovalent interactions involving the inwardly
pointing CH bonds.?? On the other hand, the systematic weak
interglucose C-6-H(n)---O-5(n+1) hydrogen bonds which
contribute to the stability of the structures of methylated CDs
are well documented.’>»? We have recently shown that
chelating diphosphanes built on an a-cyclodextrin scaffold
such as 1 constitute unique probes for examining substitution
reactions occurring at a confined metal center.!"¥ In the course
of our investigations on the coordination properties of such
diphosphanes, we have now found that upon complexation
M—CI fragments are systematically included in the CD cavity,
the chlorine atom(s) being noncovalently bonded in an
unprecedented way to inner-cavity CH groups.

Cavitand 11 bears two short phosphane units ideally suited
for forming trans-chelate complexes with d® metals. Thus,
reaction of 1 with [PdCl,(PhCN),] afforded complex 2 in
approximately 40 % yield (Scheme 1, Table 1).2> 201 All NMR
data are consistent with a twofold molecular symmetry, while
the formation of a monomeric species was inferred from the
FAB mass spectrum which displays a strong peak at m/z 1710
with the appropriate isotopic profile for the corresponding
[M+H]* ion. The presence in the *C NMR spectrum of a
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Scheme 1. trans-Binding behavior of 1. Synthesis of 2 and 3.

virtual triplet for the PCH, carbon atoms (J(PC) + 3J(PC) =
23 Hz) is in keeping with frans-arranged phosphorus atoms. )
The platinum analogue 3 which was obtained from
[PtCl,(PhCN),] is characterized by a J(PPt) coupling constant
of 2637 Hz, typical of a frans configuration (Table 1). The
trans-spanning behavior of 2 was confirmed by an X-ray
diffraction study (Figure 1). The most striking feature of this
structure is the presence of a Pd—Cl bond that points inside
the cyclodextrin cone with the chlorine atom located near the
two inner H-5 atoms of the phosphorus-substituted glucose
units. A separation of 2.64(2) A can be calculated for H-5---
Cl by assuming a C-5-H-5 bond length of 0.95 A. A clear
indication of a weak CH:---Cl interaction arises from the
'"H NMR spectra of both complexes (2 and 3), which show that
two H-5 atoms have undergone a significant low-field shift of
approximately 0.8 ppm(!), with respect to the free ligand.

A further illustration of the “chlorophillic” binding behav-
ior of cyclodextrin 1 is provided by its reaction with
[PdCIMe(cod)] (cod =cycloocta-1,5-diene), which results in
quantitative formation of 4 (Scheme 2, Table2). Again
diphosphane 1 behaves as a trans-binding ligand, as can easily
be deduced from the presence of a triplet for the methyl group
(GJ(PH)=6.0 Hz) in the 'H NMR spectrum. As for the
complexes described above, the two H-5 atoms close to the
phosphorus atoms are significantly low-field shifted relative
to their counterparts in free 1 (Ad=+1.35 ppm). Further-
more, 2D ROESY spectra unambiguously confirmed the
spatial proximity of the methyl group and the PPh, groups,
hence establishing the preference of the cavity for the
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Table 1. Selected analytical data.

2: yellow powder, yield 40 % after column chromatography (SiO,, CH,Cl,/
MeOH, 94:6, v/v). R; (CH,Cl,/MeOH, 94:6, v/v)=0.31; m.p.185°C
(decomp); 'H NMR (200 MHz, CDCl;, 25°C): 6 =2.67 (brd, */y.eap.e0 =
10.3 Hz; H-6a*P), 2.85 (s, 6 H; CH;0-6), 3.20 (s, 6 H; CH;0-6), 3.47 (s, 6 H;
OCHS,), 349 (s, 6H; OCH,), 3.52 (s, 6 H; OCHS,), 3.61 (s, 6H; OCHs), 3.65
(s, 6H; OCH,), 378 (s, 6H; OCH,), 3.06-4.11 (m, 32H; H-2, H-3, H4,
H-5BCEF H-6aBCEF H-6b), 4.78 (d, 3y 40 =2.7 Hz, 2H; H-1), 5.01 (d, 3/y.
\m2=3.0Hz, 2H; H-1), 5.13 (d, 310 = 3.5 Hz, 2H; H-1), 5.13 (brt, 3/ =
10.1 Hz, 2H; H-54P), 7.33-7.43 (m, 12H; H,,,, and H,,,,), 7.55-7.63 (m,
4H, H,,,), 8.07-8.16 ppm (m, 4H; H,,,); *C{'H} NMR (50.3 MHz,
CDCl,, 25°C): 6=34.94 (virtualt, Yep + Jep=23.0 Hz; C-64P), 57.50,
57.73 (CH,0-6), 58.94, 59.13 (x 2) (CH,0-2), 61.13, 61.50, 61.82 (CH,0-3),
70.02 (C-4AP), 70.61, 70.80 (C-6BCEF), 71.33, 71.46 (C-5BCEF), 80.28, 80.64,
80.77, 81.23 (x 2), 81.69, 81.75, 83.36 (C-2, C-3, C-4BCEF), 89.90 (virtualt,
ep + Uep=115Hz; C-58P), 9827 (x2) (C-1BCEF), 10077 (C-17P),
127.51 (virtualt, 3Jcp + Jep=11.5Hz; C,,,), 128.07 (virtualt, 3Jcp +
SJep=9.8 Hz; C,,,), 130.10 (s; C,,,), 130.56 (s; C,,,), 133.48 (virtualt,
2ep + Yep=115Hz; C,,4,), 135.71 ppm (virtualt, %/cp + *Jcp =132 Hz;
C,mo) (the Cy, atoms could not be identified); 3'P{'"H} NMR (121.5 MHz,
CDCl;, 25°C): 6=11.9ppm (s); elemental analysis (%): caled for
CyeH,10CLOKP,Pd (1710.95): C 53.35, H 6.48; found: C 53.36, H 6.29; MS
(FAB): mlz (%): 1710.2 (33) [M+H]*, 1675.2 (17) [M — CI]*, 16382 (13)
[M—2CIJ*.

3: pale yellow, yield: 41 % after column chromatography (SiO,, CH,Cl,/
MeOH 94:6, v/v). R; (CH,Cl,/MeOH, 94:6, v/v)=0.31; m.p.218°C
(decomp); 'H NMR (200 MHz, CDCl;, 25°C): 0=2.62 (d, ¥pygap.0 =
10.7 Hz; H-6a*P), 2.88 (s, 6H; CH;0-6), 3.19 (s, 6H; CH;0-6), 3.46 (s,
6H; OCH,), 3.48 (s, 6H; OCH,), 3.52 (s, 6H; OCHj), 3.60 (s, 6H; OCHs),
3.64 (s, 6H; OCH}), 3.78 (s, 6 H; OCHs), 3.05-4.08 (m, 32 H; H-2, H-3, H-4,
H-5BCEF, H-6aPCFFH-6b), 4.76 (d, Jyp1 10 = 2.6 Hz, 2H; H-1), 5.00 (d,
L2 =2.9 Hz, 2H; H-1), 5.13 (d, ¥yy.1500 = 3.4 Hz, 2H; H-1), 5.18 (brt, *J =
9.7 Hz, 2H; H-5AP), 7.32-7.44 (m, 12H; H,,,, and H,,,), 7.58-7.64 (m,
4H; H,,), 8.09-8.16 ppm (m, 4H; H,,,,); “C{'H} NMR (50.3 MHz,
CDCl;, 25°C): 0 =36.55 (virtualt, Jep + 3Jcp =21.5 Hz; C-6AP), 57.53,
57.86 (CH,0-6), 58.94, 59.20, 59.30 (CH;0-2), 61.13, 61.50, 61.86 (CH,0-3),
69.99 (C-4AP), 70.54, 70.84 (C-6BCEF), 7139 (x 2) (C-5BCEF), 80.28, 80.74
(x2), 8126 (x2), 81.69 (x2), 83.39 (C-2, C-3, C-4BCEF), 89,10 (virtualt,
ep + Uep =115 Hz; C-5°P), 9821, 98.27 (C-1BCEF) 100.67 (C-1AP),
127.42 (virtualt, 3Jcp + Jep =98 Hz; C,.p), 127.97 (virtualt, 3Jcp +
SJep=9.8Hz; C,), 130.17 (55 C,pa), 130.56 (s; C,), 133.55 (virtualt,
Jep + YJep=11.5Hz; C,,,), 135.71 (virtualt, 2Jcp + Jcp=11.5Hz; C,,.
#o) (the C,,y, atoms could not be identified); *'P{'H} NMR (121.5 MHz,
CDCl;, 25°C): =178 (s with Pt satellites, 'Jpp =2637 Hz); elemental
analysis (%) caled for C;H,;(Cl,05P,Pt-0.5CH, (1799.61+39.06): C
51.61, H 6.19; found: C 51.64, H 6.08; MS (FAB): m/z (%): 1799.7 (0.1)
[M+H]*, 1763.8 (0.5) [M — CI]*. The molecular structure was confirmed by
an X-ray analysis.

polarized Pd—Cl moiety rather than for the less-polar Pd-alkyl
group. Selective inclusion of the M—Cl bond in the cavity was
also observed for the rhodium complex S obtained by reaction
of 1 with [{RhCI(CO),},] (Table 2). The H-5 atoms in the
B position to the P atoms are shifted to 0.96 ppm.

The ability of cavitand 1 to bind M—ClI fragments seems to
be a general trend, even when the diphosphane is incorpo-
rated into higher coordination spheres. Thus, reaction of 1
with [RuCl,(CO),], in boiling ethoxyethanol afforded the
octahedral trans,cis,cis-complex 6 in approximately 70 %
yield, together with trace amounts of another, unidentified
complex (Scheme 2, Table 2).?8! The infrared spectrum
of 6 displays two strong carbonyl bands, as expected for
two cis-coordinated carbonyl groups. The 'H NMR spectrum
is consistent with a C,-symmetric molecule and reveals
that in this case, two pairs of H-5 atoms are involved in
hydrogen bonding with the Cl atoms.? The stereochemistry
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Figure 1. X-ray structure (space-filling model) of the C,-symmetric com-
plex 2. View from the bottom showing the CI(2) atom in green and the H-5
atoms in yellow (two of them are hidden). The butanone molecule included
inside the CD has been omitted for clarity. Selected bond lengths [A] and
angle [°]: Pd-Cl(1) 2.2908(19), Pd-Cl(2) 2.2875(19), Pd-P 2.3619(13); P-Pd-
P 171.81(7). Shortest H-5 -+ CI(2) distances: 2.64(2) A.
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Scheme 2. Selective entrapment of M—Cl bonds inside an a-cyclodextrin
cavity.
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Table 2. Selected analytical data.

4: yellow powder, yield: 76%; R; (CH,Cl,/MeOH, 94:6, v/v)=0.31;
m.p. 178°C (decomp); 'H NMR (500 MHz, C¢Dy, 25°C): 6 =0.02 (t, *Jyyp =
6.0 Hz,3H; PACH;), 2.77 (m, 2H; H-6a*) 3.20 (s, 6 H; OCHj;), 3.22 (s, 6 H;
OCH,), 3.30 (s, 6H; OCHs;), 3.31 (s, 6H; OCH3), 3.33 (s, 6 H; OCH3), 3.39
(s, 6H; OCHy), 3.86 (s, 6H; CH;0-6), 3.88 (s, 6H; CH;0-6), 3.13-4.71
(32H; H-2, H-3, H-4, H-53CEF, H-6aPCEF, H-6b), 5.05 (d, 3/ = 2.6 Hz, 2H;
H-1), 522 (d, /=31 Hz, 2H; H-1), 540 (d, 3/ =3.5 Hz, 2H; H-1), 5.98
(brt, 3/ =9.5 Hz, 2H; H-54P), 6.86-7.25 (m, 12H; H,,,, and H,,,,), 7.70-
7.73 (m, 4H; H,,,,), 7.88-791 ppm (m, 4H; H,,,); “C{'H} NMR
(50.3 MHz, C4Dy, 25°C): 6 =4.51 (PACH,), 37.30 (virtualt, Ycp + 3Jcp=
247 Hz; C-6*P), 57.00, 57.36 (CH;0-6), 59.19, 59.56, 60.05 (CH,0-2),
60.96, 61.39, 62.11 (CH,0-3), 70.00 (C-4AP), 72.27, 72.34 (C-5PCEF), 72.41,
72.50 (C-6BCEF) 81.35, 81.58 (x2), 81.88, 82.30, 82.47, 82.83, 84.17 (C-2,
C-3, C-4BCEF) 88.80 (virtualt, 2Jcp + *Jcp=9.9 Hz; C-5AP), 98.33, 98.43
(C-1BSEFY, 101.09 (C-14P), 128.00 (virtualt, Jep + Jep=9.8 Hz; Cpo)s
128.43 (virtualt, 3Jcp + Jcp=9.8 Hz; C,,,), 129.70 (s; C,,.), 130.39 (s;
Cpur)s 13111 (d, Uep + Jep=39.6 Hz; C,,,), 133.54 (virtualt, 2/cp +
Yep=115Hz; C,4,), 136.00 (virtualt, 2Jcp + Jcp=13.2Hz; C,u4p),
137.77 ppm  (virtualt, 'Jep+3Jcp=39.6Hz; C,,); *P{'H} NMR
(121.5 MHz, CDCl;, 25°C): 6 =19.4 ppm (s); elemental analysis (% ) calcd
for CpyH, 5ClOxP,Pd (1690.53): C 54.71, H 6.74; found: C 54.48, H 6.45;
MS (FAB): miz (%) 16906 (17) [M]*, 16755 (10)
[M — CH,J*, 1653.6 (15) [M — CIJ*, 1638.6 (9) [M — CH, — CI]".

5: orange-yellow powder, yield: 64 %; R; (CH,Cl,/MeOH, 94:6, v/v) = 0.30;
m.p. 182°C (decomp); IR (KBr): 7=1976 cm~! (C=0); 'H NMR
(500 MHz, C;Dy, 25°C): 6 (assignment by COSY) =2.84 and 3.65 (br AB,
4H, H-6*P), 3.16 (s, 6H, OCHS), 3.19 (d, 2H, H-28E o CF) 320 (d, 2H,
H-24P), 321 (d, 2H, H-2CF BE) 322 (s, 6H, OCHS,), 3.25 (s, 6H, OCHs),
3.28 and 4.40 (AB, 2/ = 10.6 Hz, 4H, H-6F BE), 3.32 (s, 6 H, OCH,), 3.33
(d, 2H, H-44P), 3.39 (s, 6 H, OCHs), 3.44 (s, 6 H, OCH,), 3.61 (d, 2 H, H-3°F
orBE) 365 and 4.33 (AB, 2/ = 10.6 Hz, 4H, H-63ECF) 3.80 (s, 6 H, CH,0-
6), 3.87 (s, 6H, CH,0-6), 4.08 (t, *J =8.8 Hz, 2H, H-4BECF) 414 (t, 3 =
9.1 Hz, 2H, H-3AP), 4.15 (t, 3/ =8.8 Hz, 2H, H-4CForBE) 447 (brd, 3 =
9.3 Hz, 2H, H-5CFrBE) 4,55 (brd, 3/ = 9.3 Hz, 2H, H-5%ECF) 511 (d, /;,.
L2 =2.6 Hz, 2H, H-1AP), 519 (d, 3140 =2.9 Hz, 2H, H-1BECF) 536
(d, Vyimo =33 Hz, 2H, H-19FBE) 559 (brt, 3/ =9.7 Hz, 2H, H-5*P),
6.95-7.25 (m, 12H, H,,, and H,,,), 7.78-7.82 (m, 4H, H,,,). 8.17-
821 ppm (m, 4H, H,,,,): C{'H} NMR (125.8 MHz, C,D,, 25°C): 0 =
35.83 (virtualt, Yep + Jep =224 Hz, C-6AP), 5725, 5741 (CH,O-6),
59.14, 5930, 59.44 (CH;0-2), 61.25, 61.72, 62.12 (CH,0-3), 70.78 (C-
4AD), 71,95, 72.32

(C-SBCEFY, 7212, 72.49 (C-6BCEF), 81.15, 81.63, 81.70 (x 2), 81.88, 81.78,
82.84, 84.12 (C-2, C-3, C-4BCEF) 8923 (virtualt, 2Jcp + “cp=10.4 Hz,
C-5AP), 9831, 98.81 (C-1BCEF), 10137 (C-1AP), 127.97 (virtualt, Y, +
Tep=9.6Hz, C,), 12849 (virtualt, Jep + Jep =9.6 Hz, Cppre), 129.69
(5, Cpara), 13036 (s, Cpp), 133.35 (virtualt, 2Jep + Ycp =12.0 Hz, C,,4,),
134.54 (virtualt, Jep + Jcp=442Hz, C,,), 135.58 (virtualt, Jcp +
“Jep=13.6 Hz, C,,,), 140.68 ppm (virtualt, Jcp + Jcp =42.6 Hz, C,,,);
NMR 3'P{'H} (121.5 MHz, C,Dy, 25°C): 0 =17.9 ppm (d, Ug,p =132 Hz);
elemental analysis (%) caled for C;;H;;ClOxP,Rh-CH, (1700.02 +
78.11): C 56.07, H 6.58; found: C 56.20, H 6.62; MS (FAB): m/z (%):
1679.4 (12) [M — Cl4+O]*, 16704 (5) [M —COJ*, 1663.4 (3) [M —Cl]*,
1635.5 (19) [M — CO — CI]*.

6: yellow; yield: 61%. R; (CH,ClL,/MeOH, 94:6, v/v)=0.31; m.p. 145—
147°C; '"H NMR (400 MHz, CDCl;, 25°C): 6 (assignment by COSY) =
2.54 (m, 2H; H-6a*P), 2.83 (s, 6H; CH,0-6), 2.95 (dd, *Jyy., 110 = 2.7 Hz, 3y,
ai1=10.0 Hz, 2H; H-28P), 3.06 (t, Jyps 500 = Jipaps = 9.2 Hz, 2H; H-4AP),
312 (dd, Vg1 0 =2.9 Hz, 3y 0505 =9.6 Hz, 2H; H-2BECF) 315 (dd, 2H;
H-6aCForBE) 317 (dd, 2H; H-20FBE), 336 (dd, 2yp.gupre = 11.9 Hz, Vs
o=1.5 Hz, 2H; H-6bSFoBE), 339 (s, 6 H; CH,0-6), 3.43 (s, 6H; OCH,),
347 (s, 6H; OCH,), 3.50 (s, 6H; OCHy), 3.60 (s, 6H; OCH,), 3.65-3.75
(3 overlapping dd, 6 H; H-6aBEerCF H-3AD and H-4BErCF) 3,66 (s, 6H;
OCH,), 3.69 (s, 6H; OCHj;), 3.75-3.82 (3 overlapping dd, 6 H; H-3BEorCF
H-3CForBE [{-4CForBE) 303 (m, 2]y, g oo = 11.5 Hz, 2H; H-6bAP), 3.97 (dt,
37 =10.8 Hz, 2H; H-5BErCF) 436 (dt, 3/ = 9.5 Hz, 2 H; H-5CForBE) 4.45 (d,
3] =27 Hz, 2H; H-1AP), 457 (brd, 3/ ="7.0, 2H; H-6bPECF) 497 (brt,
37 =9.5 Hz, 2 H; H-52P), 5.06 (d, %/ =2.9 Hz, 2H; H-1BErCF) 511 (d, 3/ =
3.1 Hz, 2H; H-15FBE) 730-7.40 (m, 12H; H,,, and H,,,), 7.48-7.53
(m, 4H; H,4,), 7.89-7.95 ppm (m, 4H; H,,,,); *C{H} NMR (50.3 MHz,
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CDCl,;, 25°C): =33.50 (virtualt, Yep + 3Jcp=28.0 Hz; C-6AP), 57.10,
58.15 (CH;0-6), 58.61, 58.84, 59.07 (CH;0-2), 61.20, 61.27, 61.43 (CH;0-3),
70.58 (C-4AP), 71.03, 71.17 (C-6BCEF), 70.67, 71.39 (C-5BCEF), 78.93, 79.95,
80.80 (x2), 81.69, 81.98, 82.83, 83.72 (C-2, C-3, C-4BCEF) 9221 (virtualt,
2ep + YUep=9.9 Hz; C-54P), 97.26, 99.32, 102.21 (C-1), 127.94 (virtualt,
3ep + Jep=115Hz; C,,,,), 128.30 (virtualt, /cp + Jop =82 Hz; C,pn),
129.74 (s; Cpua), 130.43 (s; C,p), 131.35 (virtualt, 2Jcp + “Jcp=9.8 Hz;
Como)s 132.79 (virtualt, Yep + 3cp =428 Hz; C,,,), 134.76 (virtualt,
%ep + Yep=11.5Hz; C,,,) 139.94 (virtualt, Jep + */cp =46.2 Hz; Cy,,),
193.66 ppm (t, 2Jop=12Hz; CO); ¥P{'H} NMR (121.5 MHz, CDCl;,
25°C): 6 =12.4 (s); elemental analysis (%) calcd for C,sH;;00;3P,CL,Ru-
0.5CH,Cl, (1761.62+42.47): C 52.26, H 6.20; found: C 52.18, H 6.43; MS
(FAB): m/z (%): 1763.4 (8) [M+H]*, 1735.4 (30) [M — CO+H]*, 1706.4
(20) [M —2CO]*, 1699.4 (35) [M — Cl - CO)]*.

of the complex and the presence of both M—CI bonds inside
the cavity was confirmed by an X-ray study (Figure 2). The
solid-state structure exhibits some disorder that is character-
ized by two possible orientations of the “Ru(CO),Cl,” cross
which rotates by approximately 37° about the P—P axis on
switching from one rotamer to the other (isomer ratio 80:20).
In other words, the chlorine atoms compete for the central
position inside the cyclodextrin. Both rotamers deviate some-
what from ideal C, symmetry. In the major one (Figure 2) the
CI(2) atom is close to four consecutive H-5 atoms (H---Cl
separation ranging from 2.75(2) to 3.00(2) A), while CI(1)
interacts with the two remaining H-5 atoms (2.84(2) and
2.88(2) A). Clearly the weakness of the individual Cl---H-5
interactions favors easy reorientation of the M—Cl bonds
within the upper part of the cavity. A general survey on the
occurrence of CH---Cl hydrogen bonds in molecular struc-
tures indicates that such interactions take place only with

Figure 2. Molecular structure of 6 (major isomer). View from the bottom
showing the chlorine atoms in green (CI(1) down, Cl1(2) up), the H-5 atoms
in yellow, and the ruthenium atom in red. The included benzene molecule
has been omitted for clarity. Selected bond lengths [A]: Ru-P 2.423(2) and
2.425(2), Ru-CI(1) 2.408(3), Ru-CI(2) 2.355(3); shortest CI(1)---H-5
distances: 2.75(2), 2.80(2), 2.84(2), 3.00(2); shortest CI(2) --- H-5 distances:
2.84(2) and 2.88(2).
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Cl atoms having a marked anionic character.* This feature is
also realized, but to a lesser extent, in the M—CIl bonds of
complexes 2-6.

The present study illustrates for the first time the ability of
an a-cyclodextrin cavity to recognize a transition metal M—Cl
bond through weak Cl--- H-5 interactions in the solid state as
well as in solution. The fact that such subtle interactions could
be observed in non-aqueous media is a consequence of the
absence of stronger competing supramolecular forces, such as
the hydrophobic effect, which usually plays a prevailing role
in the formation of CD inclusion complexes. Overall these
results illustrate the potential of modified cyclodextrins as
second-sphere ligands.
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