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Abstract

CysH30Fe;N,0,, monoclinic, P2; (no. 4), a=10.7490(10) A,
b=9.8370(8) A, ¢=11.9621(13) A, B=113.030(4)°, V=
1164.04(19) A%, Z=2, Rg(F)=0.0358, WR(F?)=0.0612,
Flack parameter = —0.007(11), T =150(2) K.

CCDC no.: 1590366

The crystal structure is shown in the figure. Tables 1 and 2
contain details on crystal structure and measurement condi-
tions and a list of the atoms including atomic coordinates and
displacement parameters.

Table 1: Data collection and handling.

Crystal: Bar, orange

Size: 0.27 x 0.07 x 0.07 mm
Wavelength: Mo Ka radiation (0.71073 A)
u: 1.28 mm~—1!

Diffractometer, scan mode:

Omax, completeness:

N(hkD measureds N(hk[)unique, Rint: 13446, 5616, 0.038

Criterion for lops, N(hkD)gt: lobs > 2 0(lops), 4852

N(param);efined: 307

Programs: SHELX [2, 3], PLATON [4], Bruker
programs [5, 6],

Bruker APEX-Il, ¢ and w-scans
28°,>99%

Source of material

Ferrocenecarboxylic acid (244 mg, 11 mmol) and
1-hydroxybenzotriazole (205 mg, 1.5 mmol) were dissolved
in anhydrous dichlormethane (20 mL) by gentle heating
in a reaction flask equipped with a stirring bar under an
argon atmosphere. The solution was cooled on ice and neat
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (0.26 mL,
1.5 mmol) was introduced, causing the partly precipitated
acid to redissolve. After stirring the mixture at 0 °C for 15 min,
a dichloromethane solution of (1R, 2R)-1,2-diaminocyclo-
hexane (60 mg, 0.50 mmol in 10 mL) was added and the

stirring was continued at O °C 5 min and then at room
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Table 2: Fractional atomic coordinates and isotropic or equivalent

isotropic displacement parameters A2,

Atom X y z Uiso*/Ueq
Fel 0.88602(5) 0.38170(5) 0.79243(5) 0.01641(13)
Fe2 0.52865(5) 0.43236(5) 0.11877(4) 0.01371(12)
01 0.5748(2) 0.5912(2) 0.7324(2) 0.0183(6)
02 0.4830(2) 0.5837(2) 0.3896(2) 0.0194(6)
N1 0.5021(2) 0.3849(3) 0.6469(2) 0.0133(6)
H1IN 0.531952 0.303423 0.652044 0.016*
N2 0.4561(3) 0.3549(3) 0.3925(3) 0.0142(7)
H2N 0.475329 0.278465 0.366529 0.017*
C1 0.3777(3) 0.4357(4) 0.5533(3) 0.0144(7)
H1 0.391484 0.533035 0.536812 0.017*
C2 0.3465(3) 0.3537(4) 0.4360(3) 0.0156(8)
H2 0.334878 0.257055 0.455904 0.019*
c3 0.2119(3) 0.3977(4) 0.3366(3) 0.0216(10)
H3A 0.221181 0.491098 0.309923 0.026*
H3B 0.190171 0.336649 0.265659 0.026*
C4 0.0958(3) 0.3944(4) 0.3799(3) 0.0255(10)
H4A 0.013208 0.431305 0.315366 0.031*
H4B 0.077507 0.299044 0.395093 0.031*
c5 0.1282(3) 0.4765(4) 0.4948(4) 0.0225(9)
H5A 0.053605 0.467283 0.523276 0.027*
H5B 0.136505 0.573744 0.477667 0.027*
Cé6 0.2598(3) 0.4276(5) 0.5939(3) 0.0181(8)
H6A 0.248785 0.332440 0.615304 0.022*
H6B 0.280321 0.484074 0.667504 0.022*
C11 0.7128(3) 0.4004(4) 0.8204(3) 0.0179(9)
C12 0.8204(4) 0.4715(4) 0.9119(3) 0.0224(9)
H12 0.822256 0.566282 0.927844 0.027*
C13 0.9237(4) 0.3778(5) 0.9747(3) 0.0265(10)
H13 1.006472 0.398102 1.040434 0.032*
Cl4 0.8815(4) 0.2480(4) 0.9222(4) 0.0284(10)
H14 0.931480 0.165972 0.946343 0.034*
C15 0.7519(4) 0.2618(4) 0.8275(4) 0.0212(9)
H15 0.700042 0.190382 0.777329 0.025*
C16 0.8567(4) 0.4890(5) 0.6383(4) 0.0279(10)
H16 0.783432 0.548690 0.597609 0.033*
c17 0.9818(4) 0.5257(4) 0.7319(4) 0.0309(11)
H17 1.007085 0.614127 0.764890 0.037*
c18 1.0621(4) 0.4070(5) 0.7674(3) 0.0297(11)
H18 1.150844 0.401707 0.828668 0.036*
c19 0.9883(4) 0.2989(4) 0.6965(4) 0.0275(10)
H19 1.018325 0.207461 0.701042 0.033*
Cc20 0.8602(4) 0.3493(4) 0.6165(4) 0.0277(11)
H20 0.789707 0.297562 0.558595 0.033*
C21 0.5910(3) 0.4667(4) 0.7297(3) 0.0146(8)
C31 0.6027(3) 0.4477(4) 0.3020(3) 0.0154(8)
C32 0.6526(4) 0.5572(4) 0.2539(3) 0.0170(9)
H32 0.640052 0.651180 0.264531 0.020*
C33 0.7244(4) 0.5017(4) 0.1876(4) 0.0223(10)
H33 0.766680 0.552230 0.144558 0.027*
C34 0.7224(4) 0.3584(4) 0.1962(4) 0.0215(10)
H34 0.764504 0.296233 0.161145 0.026*
C35 0.6466(4) 0.3236(4) 0.2664(4) 0.0187(9)
H35 0.628304 0.234264 0.286154 0.022*
C36 0.3242(3) 0.4290(5) 0.0631(3) 0.0218(8)
H36 0.275888 0.433541 0.114697 0.026*
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Table 2 (continued)
Atom X y z Uiso*/Ueq
C37 0.3625(4) 0.5403(4) 0.0096(4) 0.0215(9)
H37 0.343985 0.633212 0.018562 0.026*
C38 0.4329(4) 0.4905(4) —0.0593(3) 0.0204(9)
H38 0.471022 0.543687 —0.104229 0.024*
C39 0.4368(4) 0.3484(4) —0.0498(4) 0.0244(10)
H39 0.477156 0.288360 —0.088109 0.029*
C40 0.3704(4) 0.3096(4) 0.0263(4) 0.0247(10)
H40 0.358958 0.219324 0.048827 0.030*
C41 0.5087(3) 0.4666(4) 0.3652(3) 0.0143(8)

temperature overnight. Then, the reaction mixture was
washed with saturated aqueous NaHCOs and brine (twice
each), dried over anhydrous MgSO,, and evaporated under
reduced pressure. The residue was purified by column
chromatography over silica gel using dichloromethane-
methanol (20:1) as the eluent. The first minor band containing
[(1H-benzotriazol-1-yloxy)carbonyl]ferrocene [1] (63 mg, 17%)
was followed by a major orange band due to the product.
Following evaporation, the title compound was isolated as
an orange amorphous solid (216 mg, 76%). Single crystals
were grown by slow cooling of a methanolic solution.

'H NMR (CDCl3, 399.95 MHz): § = 1.41 (m, 4 H), 1.83 (m,
2 H) and 2.25 (m, 2 H) (4 x CH, of C¢Hjp), 3.84 (m, 2 H, 2 x CH
of CsHyo), 4.09 (s, 10 H, CsHs), 4.30 (m, 4 H) and 4.70 (m,
4 H) (4 x CH of CsHy), 6.50 (d, *Jux = 6.8 Hz, 2 H, NH) ppm
BC{'H} NMR (CDCl3, 100.58 MHz): § =24.79 (s, 2 C) and 32.66
(s, 2C) (4 x CH; in CgHyp), 54.27 (s, 2 C, 2 x CH in CgHyp),
68.18 (s, 2 C, CH of CsHy), 68.34 (s, 2 C, CH in CsHy), 69.73
(s, 10 C, CsHs), 70.53 (s, 4 C, CH of CsHy), 75.71 (s, 2 C, C—
CO of CsHy), 171.31 (s, 2 C, C=0) ppm IR (Nujol): viax = 3313
(br s, v(NH)), 3228 (w), 3120 (w), 3096 (w), 3081 (m), 1625 (s,
v(C=0)), 1545 (s, 8(NH)), 1411 (m), 1353 (m), 1344 (m), 1320
(m), 1302 (s), 1273 (m), 1247 (w), 1221 (w), 1184 (m), 1140 (Vvw),
1108 (m), 1085 (vw), 1048 (vw), 1022 (m), 1015 (m), 1003 (m),
955 (vw), 928 (w), 888 (w), 865 (w), 821 (m), 812 (m), 773 (m),
762 (w), 648 (br w), 608 (vw), 584 (vw), 530 (w), 519 (m), 504
(m), 497 (m), 484 (m), 462 (m), 445 (w), 430 (vw) cm—'. MS
(ESI+): m/z = 561.1([M + Na] ). Anal. Calc. for C,3H30Fe;N,0,
(538.24 g'mol™'): C 6248, H 5.62, N 5.21%. Found: C 62.15,
H 5.68, N 5.04%.

Experimental details

The structure was solved by Direct methods using SHELXS-
97 [2] and then refined by least-squares routine based on
F? (SHELXL-2017 [3]). Hydrogen atoms attached to nitrogen
atoms were identified on the difference electron density maps
and refined as riding atoms with Ujso(H) =1.2 Ueq(N) [3].
All other hydrogen atoms were included in their calculated
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positions with Ujso(H) = 1.2 Ueq(C). The structural drawing
and all numerical parameters discussed below were obtained
with a recent version of the PLATON program [4]. The abso-
lute configuration determined by anomalous dispersion [7]
corresponded to that declared for the starting diamine (cf.
Table 1).

Discussion

Carboxamides obtained from chiral diamines and phos-
phinocarboxylic acids emerged as efficient auxiliary ligands
for a range enantioselective transition-metal catalyzed
reactions [8]. In the chemistry of ferrocene-based lig-
ands, compounds of this type are represented by amides
obtained from 1,2-diaminocyclohexanes and planar-chiral
2-(diphenylphosphino)ferrocene-1-carboxylic acid [8-10].
Because none of these compound appears to have been
structurally characterized, we decided to synthesize and
characterize an analogous compound without the phosphine
substituents at the ferrocene moieties, viz. (1R, 2R)-N',N>-
diferrocenyl-1,2-cyclohexanedicarboxamide. This compound
was prepared by amidation of (1R, 2R)-diaminocyclohexane
with ferrocenecarboxylic acid in the presence of peptide
coupling agents [11] and was isolated as an orange solid
in 76% vyield by column chromatography. Chromato-
graphic purification also afforded some [(1H-benzotriazol-
1-yloxy)carbonyl]ferrocene, representing a non-consumed
reaction intermediate.

The compound crystallizes in the non-centrosymmetric
space group P2; and two molecules in the unit cell. The
central six-membered ring in each dinuclear title complex
has a chair conformation, which is manifested by the ring
puckering coordinate 6 [12] being 176.7(4)° (Note: ideal chair
requires 6 =0° or 180°). The pivotal C—N bonds occupy
equatorial positions and their length (C1—N1=1.456(4) A,
C2—N2=1462(5) A) as well as the N1—C21—C2—N2 tor-
sion angle of —56.2(4)° are similar to those in the par-
ent amine, (IR, 2R)-diaminocyclohexane [1.465(2) A and
—59.2(1)°, respectively] [13].

The ferrocene moieties in the title compound adopt the
usual geometry with the individual Fe—C distances falling
into narrow ranges, 2.025(4) A (C11) to 2.056(3) A (C13), and
2.024(3) A (C31) to 2.053(5) A (C33) for the ferrocene units
comprising Fel and Fe2, respectively. Correspondingly, the
dihedral angles subtended by the least-squares planes of the
cyclopentadienyl rings are only 3.2(3)° (Fel) and 3.7(3)° (Fe2).
Even so, the amide substituents are rotated only slightly from
the planes of their bonding cyclopentadienyl rings. In this
case, however, a smaller departure from a coplanar arrange-
ment is observed for the ferrocene unit comprising atom
Fel that for the other ferrocene moiety (compare the angle
between the {C21, N1, O1} and C(11—15) planes of 4.2(4)° with

Zabransky et al.: CogH3oFesN, 0, = 297

that subteneded by the planes {C41, N2, 02} and C(31—35) of
7.6(4)°). The amide planes are oriented so that their NH groups
point to the same face of the cyclohexane ring. The dihedral
angle subtended by the amide planes {C21, N1, O1} and {C41,
N2, 02} is 79.6(5)°.

Adjacent molecules related by the crystallographic 2
screw axes are interconnected via pairs of N—H- - - O hydrogen
bonds into infinite columnar stacks oriented in the direc-
tion of the crystallographic b axis (see Figure) [14]. These
interactions are supported by the relatively weaker C—H- - - O
interactions between the ferrocene CH groups adjacent to the
amide NH (C15 and C35) as the donors and the amide C=0
moieties as the acceptors. The hydrogen bond parameters
are as follows: NI—HIN: - - 02': N1. - - 02' =3.008(4) A, angle
at HIN =155 N2—H2N. - - O1': N2--- 011 =2.947(4) A, angle
at H2N = 154°; C15—H15- - - 02': C15- - - 02' =3.325(5) A, angle
at H15=158°; and C35—H35---01%: C35--- 011 =3.304(5) A,
angle at H35 =138°;, wherei=1—x, —1/2+y,1—z.
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