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Rearrangement of the Active Ester Intermediate During HOBt/EDC
Amide Coupling
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3-{[1'-(tert-Butyloxycarbonylamino)ferrocen-1-yljcarbonyl}-
benzotriazole 1-oxide (3) has been successfully separated
during the synthesis of benzotriazol-1-yl 1’-(tert-butyloxycar-
bonylamino)ferrocene-1-carboxylate (2) as an active ester for
peptide coupling. The yield of 3 increased by using polar,
rather than nonpolar solvents. The two compounds have
been fully characterized and studied by X-ray crystallo-
graphy and spectroscopic methods. The active ester derivat-
ive 2 formed a urethane bond with the glycine ethyl ester
while the N-oxide 3 did not react. The X-ray structural ana-

lysis of 3 shows strong intermolecular hydrogen bonding in-
volving the urethane group and the N-oxide of an adjacent
molecule [N-O---H-N = 2.859(2) A], No hydrogen bonding is
present in the solid state for compound 2, while solution stud-
ies indicate the presence of intramolecular hydrogen bond-
ing. Both complexes display a quasi-reversible single one-
electron oxidation, the halfwave potentials E;,, for 2 and 3
were 672 £ 5 and 591 + 5 mV, respectively.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

1-Hydroxybenzotriazole (HOBt) is widely used in peptide
synthesis as an activating agent for the acid component and
for its ability to suppress racemization. The intermediate
benzotriazole active ester A then reacts with an amino
group to form the urethane bond.['l The conversion of A
into the N-oxide isomer B was reported.>

Rj\‘? Rilﬁ@ Iﬁ@

The N-oxide is favored in polar solvents, while the desired
active ester A predominates in less-polar solvents.™ It ap-
pears that the active ester A is the kinetic product, which is
reactive towards rearrangement to the corresponding ure-
thane form B.P! In addition, Davies et al. proposed the in-
termediacy of isomer C to explain enhanced racemization
rates for certain amino acid esters.[®! Formation of the N-
oxide under mild conditions was reported by Lu and co-
workers by reacting Os; clusters with HOBt.[”l 13C NMR
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spectroscopy, used to identify the different isomers, con-
firmed the predominance of the active ester form A in
DMSO,®! while acetone stabilized the more polar zwit-
terionic N-oxide.[”) More recently, Carpino reported a de-
tailed investigation into the reactivity of the guanidinium
salts HBTU and HATU. It was shown that the O-substi-
tuted uronium salt is significantly more reactive in peptide
coupling reactions than the N-substituted guanidinium
salt.[!0]

In the context of organometallic peptide conjugates, OBt-
active esters provide a convenient route to labeling peptides
under very mild conditions, which are also readily auto-
mated for solid-phase peptide synthesis (SPPS). This was
shown by the use of benzotriazolyl ferrocenecarboxylate as
a stoichiometric delivery reagent for the redox active ferro-
cene (Fc) group, or more recently by the use of one-pot
reactions involving cobaltocenium carboxylic acid and
TBTU and HATU.I''l Whether the active ester is used
stoichiometrically or used as an intermediate in a one-pot
reaction or during SPPS, there is the potential for lowered
incorporation of the organometallic label due to different
reaction kinetics. During the preparation and column sep-
aration of Fc-peptide conjugates, we along with other
groups noticed the appearance of a red Fc-containing mate-
rial, which also appears to possess an OBt substituent.
However, it was not possible to properly identify this mate-
rial. Given that the main role of OBt active ester intermedi-
ates is the preparation of organometallic peptide conju-
gates, we decided to investigate this in more detail. Here we
describe our results of the study into the preparation of the
OBt active ester 2 of 1'-(tert-butyloxycarbonylamino)ferro-
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cene-1-carboxylic acid and its isomer 3-{[1’-(zert-butyloxy-
carbonylamino)ferrocen-1-yl]carbonyl}benzotriazole 1-
oxide (3).

Results and Discussion

During the synthesis of the active ester 2, from 1'-(zert-
butyloxycarbonylamino)ferrocene-1-carboxylic acid (1), in
the presence of HOBt and EDC, we prepared and isolated
in addition to the desired product 2, the zwitterionic N-
oxide 3 (Scheme 1). We have no indication of the formation
of the 2-ferrocenylated product.

The two forms are readily separated from each other by
chromatography, giving 2 as an orange-red compound and
compound 3 as a dark red crystalline compound. The ex-
perimental results show that the active ester 2 is the kinetic
product, which undergoes rearrangement to the corre-
sponding urethane form.>! The rearrangement process is
phase dependant; in dry dichloromethane the product 3 is
obtained in 4% yield while in aqueous acetone the re-
arrangement is faster producing 11% yield of 3. Although,
we expected higher reactivity according to earlier reports,!!°]
the electron-withdrawing effect of the N-oxide group most
likely deactivates 3 with respect to its reactivity with the
amino acids. Thus, we did not observe any reactivity with
glycine.

Compounds 2 and 3 were characterized by NMR spec-
troscopy 'H, '*C{'H}, DEPT-135 NMR, HMQC (Hetero-
nuclear Multiple Quantum Correlation), and HMBC (Het-
eronuclear Multiple Bond Correlation). Table 1 summarizes
the complete assignment of the NMR signals for com-
pounds 2 and 3. It is interesting to note that the signals due
to H2, HS and H2', HS' are observed at significantly differ-
ent chemical shifts, indicating changes in the local environ-
ment due to the change in the substituent, which undoubt-
edly affects both C rings. Changes are also significant in the
13C chemical shifts of the ipso-carbon atoms indicating that
electronic differences due to the substituents are “seen” by
the Fc system. Cl1 is affected more by the change from ester
to amide N-oxide than C1’, the ipso-C to which the differ-
ent substituent is attached. Comparing the chemical shifts
for the proton HI1 in 2 and 3, this proton is particularly
deshielded due to the proximity to the N-oxide group in 3.
The NH proton showed broad singlets at 6 = 6.42 and 5.75
ppm for 2 and 3, respectively.

Scheme 1

174 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Spectroscopic characterization of compounds 2 and 3

4 5
2 17 3 17

Site 'H BC HMQC HMBC 'H !3C HMQC HMBC
1 100.2 98.9
1 65.2 71.6
2,5 471 62.9 4.52 62.7
2,5 5.00 72.3 5.36 74.1
3,4 408 55.9 3.94 67.0
3,4 4.62 74.7 4.63 74.8
6 167.5 168.0
7 129.5 1324
8 8.02 120.8 7.97 115.7
9 7.38 125.2 7.49 127.0
10 7.49 129.1 7.72 133.2
11 7.45 109.1 8.46 117.3
12 143.9 133.82
13 153.5 153.5
14 80.6 80.5
15—-17 1.27 28.5 1.26 28.5

Both compounds exhibit a single broad absorbance in the
visible region. For compound 2, 4,,., = 453 nm, while for
3 the band is observed at Ay, = 484 nm. This bathoch-
romic shift clearly shows electronic coupling of the N-oxide
OBt with the Fc group. Shifts were also observed for pyri-
dine N-oxides (305—333nm) and quinoline N-oxides
(> 320 nm) with substituents that are in direct conjugation
with the N-oxide group, and rationalized in terms of tau-
tomer and resonance contributions. In quinoxaline di-N,N-
oxide shifts are due to intramolecular charge transfer.!'?!

The IR spectra of both compounds show two carbonyl
bands. For compound 2 a band due to the active ester is
observed at 1788 cm™!. This band is absent in compound
3 and is replaced by an amide band at 1688 ¢cm~!. Both
compounds exhibit a strong absorption around 1722 cm™!,
due to the carbamate carbonyl group on the other Cp ring.

Crystal Structures of 2 and 3: Selected bond lengths and
angles for 2 and 3 are given in Table 2. ORTEP views of

www.eurjic.org Eur. J. Inorg. Chem. 2005, 173—180



Rearrangement of the Active Ester Intermediate During HOBt/EDC Amide Coupling

FULL PAPER

Table 2. Relevant bond lengths (A) and angles (°) for 2 and 3

2 3
av. Fe(1)—C(Cpl) 2.038(14) 2.039(13)
av. Fe(1)~C(Cp2) 2.043(16) 2.047(12)
C(10)—C(15A) C(10)—C(15A) 1.489(9) 1.459(2)
C(15A)—O(11A)/ C(15)—O(11) 1.172(9) 1.210(2)
C(15A)—O(12A)/C(15)—N(11) 1.429(8) 1.426(2)
O(12A)—N(11) 1.358(3)

N(11)—N(12) 1.342(2) 1.364(2)
N(12)—N(13) 1.302(4) 1.308(2)
N(13)-0(12) 1.2699(19)
C(20)—N(21) 1.411(4) 1.401(2)
N(21)—C(25) 1.349(4) 1.366(2)
C(25)-0(22) 1.350(3) 1.348(2)
C(25)-0(21) 1.207(3) 1.206(2)
C(10)—C(15A)—O(12A)/C(10)—  106.6(6) 119.2(1)
C(15)—N(11)

C(10)—C(15)—O(11A)/C(10)— 131.7(6) 125.4(2)
C(15)-0(11)

C(20)—N(21)—C(25) 123.7(2) 124.9(1)
N(11)-N(12)-N(13) 106.4(3) 105.5(1)
N(21)—C(25)—0(22) 109.6(2) 107.3(1)
N(21)—C(25)—0(21) 124.8(3) 126.0(1)

these complexes are presented in Figures 1 and 2, respec-
tively.

Compound 2 crystallizes in the polar orthorhombic
space group Pna2; as a twinned racemic crystal, whereas
compound 3 crystallizes in the monoclinic space group P2,/
c. In both complexes, the Cp rings are virtually parallel to
each other [Cp—Fe—Cp angles: 2: 2.1(3)°; 3: 2.98(14)°]. The
distances of the Fe atoms to the carbon atoms of the Cp
rings are in the expected range in comparison to other fer-
rocene structures.!?]

For compound 2, the bond lengths and angles of the Cp-
ester-benzotriazole moiety are almost identical to those re-
ported for Fc—CO—OBt.l'4151 The ester bond to the benzo-
triazole moiety in 2 is long [1.429(8) A], as expected. The
benzotriazole (Bt) substituent is rotated out of the ester
plane by only 80.8(2)°, compared to 96.56(6)° in
Fc—CO—OBt.["] In the case of Fc—CO—OBt, this does
not permit the efficient interaction between the two m-sys-
tems,!!31 but increases reactivity of the carbonyl C atom
towards external nucleophiles and therefore allows a faster
reaction of the ester. A similar observation was made for
(S)-3-(O"-methyl, N®-triphenylmethylglutamyl)benzotri-
azole 1-oxide,'® which bears the acyl and OBt groups on
the same plane, resulting in a slower reactivity towards am-
ines compared to the OBt active ester.'”l 3-(N*-Tritylme-
thionyl)benzotriazole 1-oxide also exhibits the same struc-
tural features with coplanar OBt and acyl groups.['8! The
geometry and conformation for a variety of ester and amide
derivatives of HOBt and HOAt have been reported.['*201 A
more recent investigation into the reactivity of HATU
showed that the O-substituted uronium salt is significantly
more reactive in peptide coupling reactions than the N-sub-
stituted guanidinium salt,l'! in line with earlier investi-
gations on OBt derivatives. In compound 3, the planar OBt
N-oxide, the urethane and the Cp ring to which it is at-
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Figure 1. ORTEP drawing of compound 2 (30% probability); H
atoms omitted for clarity; side-on view and view down the
Cp—Fe—Cp axis to visualize the 1,2'-conformation of the Fc group

tached are not coplanar [OBt N-oxide/Cp, 16.5(1)°; amide/
Cp, 18.9(1)°]. Just like the parent benzotriazole-1-oxide and
hydroxybenzotriazole, the heterocycle in compound 3 is es-
sentially flat. In the N-oxide, the N—N bond lengths are
shortened compared to hydroxybenzotriazole. For com-
pound 3, the N—N bond lengths in the heterocycle are non-
equidistant. The distance between the N(O)—N are shorter
and the distance N(12)—N(13) of 1.3084(19) A indicates
significant double bond character between the two nitrogen
atoms. Similar observations were made have been made for
(S)-3-(OY-methyl, N*-triphenylmethylglutamyl)benzo-
triazole 1-oxide and 3-(N“-tritylmethionyl)benzotriazole 1-
oxide. As seen from Table 3, the urethane moieties in 2 and
3 are not coplanar with the Cp rings. The observed o angle
for 2 is close to the ideal value for a 1,2’ conformation
(—=72°), while 3 crystallizes in the 1,1’-conformation with
o = 13.3(8)°.

There is no hydrogen bonding present between adjacent
molecules of 2. The amide proton does not point towards
the Bt substituent. In contrast, hydrogen bonding is ob-
served in the structure of compound 3 between the oxygen
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Ci10)
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Figure 2. ORTEP drawing of compound 3 (30% probability);
H atoms omitted for clarity; side-view and view down
the Cp—Fe—Cp axis to show the 1,1’-conformation of the Fc
system

Table 3. Torsions angles (°) for 2 and 3

Angle 2 3

ol 2.1(3) 2.98(14)

i 5.0(7) [C(ipso)—C=0] / 18.8(2) [C(ipso)-C=0]/
12.3(2) [N—-C=0] 18.9(1) [N—-C=0]

! —70.8(8) 13.3(8)

[2l The dihedral angle between two Cp rings. [®! The dihedral angle
between the plane of the Cp ring and the C(ipso)C=0 bond or
between the plane of the Cp ring and the N—C=0 bond. [ The
torsion angle is defined as C(ipso)—Cp(centroid)—C(ipso).

atom attached to one of the nitrogen atoms of the Bt sub-
stituent, carrying a partial negative charge, and the amide
proton in an adjacent molecule. The O(12)--N(21)* bond
lengths of 2.859(2) A indicates the presence of strong hydro-
gen bonding in the solid state.

176 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The packing arrangements in 2 and 3 are very different
(Figure 3). In compound 3, the Fc groups are aligned with
the NO groups of the Bt group in the adjacent molecules
forming strands along the c-axis. In 2, the molecules form
a strand-like arrangement along the 2;-axis with the Fc
groups adjacent to each other.

Figure 3. Packing diagrams for compounds 2 and 3

Heinze recently!'¥ reported the structural properties of
the acetylamino-analogue of compound 2. In the solid state,
the molecule displayed significant intramolecular hydrogen
bonding. The Boc derivative 2 on the other hand, does not
display any intramolecular hydrogen bonding involving the
urethane NH group. Compound 3 on the other hand dis-
plays intermolecular hydrogen bonding in the solid state.
This raises the question whether the presence of the Boc-

7.0 - T v T
_65F J
]
2
=
w
6.0} E
1 " 1 1
200 250 300
Temperature (K)

Figure 4. Temperature dependence of the chemical shifts for NH
signals of compounds 2 (circles), 3 (squares) in CDCl; [open sym-
bols indicate 1 mm; solid symbols indicate 50 mm]
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protecting group can account for the differences in H-bond-
ing behavior in the solid-state structures. Is the lack of in-
tramolecular hydrogen bonding in compound 2 due to the
spatial requirement of the bulky Boc carbamate group? In
order to answer these questions, we decided to investigate
the hydrogen-bonding behavior of compounds 2 and 3 in
solution. Variable-temperature '"H NMR studies of com-
pounds 2 and 3, recorded at 1 and 50 mm in CDCl; in the
temperature range 215 and 308 K, showed a significant dif-
ference in the NH chemical shift between the two com-
pounds with the temperature variation. A plot of Ad versus
T is shown in Figure 4. For compound 2, the chemical shift
of the amide NH was affected by temperature but the tem-
perature dependence was independent of concentration
(I mm: —5.1 ppb K™'; 50 mm: —6.4 ppb K™ 1).

In contrast, compound 3 displayed a concentration de-

50 mm: —7.1 ppb K '), indicating the presence of intermo-
lecular hydrogen bonding in compound 3 in solution. The
temperature behavior of the NH chemical shift indicates the
presence of intramolecular hydrogen bonding in compound
2 in solution.['-21] However, the crystal structure does not
show any hydrogen bonding, presumably as a result of crys-
tal packing. Interestingly, the Cp protons in compound 2
undergo some temperature dependent changes, as is shown
in Figure 5. The signals due to H2 and HS5 in compound 2
are very broad at low temperatures (215—220 K) but appear
at 228 K, and gradually sharpen. Heinze’s Ac derivative dis-
plays a similar temperature behavior, which was interpreted
as a possible interconversion between two ferrocenyl rota-
mers of the molecule. Our results suggest that a similar
equilibrium may also exist for compound 2. The Cp region
of compound 3 does not change with temperature (Fig-

pendent temperature behavior (1 mm: —2.8 ppb K~!; ure6).
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Figure 6. Variable temperature "H NMR spectra of 3 (50 mm, CHCls) in a region of 215—308 K
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Figure 7 shows the electrochemical behavior of com-
pounds 2 and 3. Both compounds show a quasi-reversible
single one-electron oxidation. The separation between oxi-
dative and reductive peak potentials AE, is about 965 mV
for 2 (875 mV for 3). The ratio of peak currents is close
to unity for both compounds (2: i./i, = 1; 3: i./i, = 1.05). As
expected for N- and O-ferrocenylated systems, the halfwave
potentials E;,, for 2 and 3 are significantly different. While
E» = 672 = 5mV for the active ester 2, the E,,, = 591 +
5 mV for the N-oxide 3.

JI mA-em®

00 02 04 06 08 10 12
Potential | V

L 1 ! T

0.2 0.4 0.6 0.8 1.0
Potential | V

Figure 7. Electrochemical study of compounds 2 and 3 in CH;CN/
0.1 m TBAP: A shows the cyclic voltammetry at a scan rate of 100
mV/s (AE, for the Fc/Fc* couple under identical conditions was
68 *5 m\?); B shows the differential pulse voltammetry at a scan
rate 10 mV/s; for 2: DPV, E, = 643 = 5 mV; for 3, E, = 566 *
5 mV

Conclusion

In summary, we have prepared the two ferrocene—amino
acid derivatives 2 and 3 and report their full characteriz-
ation. Initially, compound 3 was obtained as a by-product
in the preparation of the desired active ester. Reports on
HATU active esters show this to be a common reaction
in peptide synthesis. Importantly, this by-product was not
reported in ferrocene chemistry. Given the importance of
the Fc-OBt active ester intermediates in the preparation of
Fc-bioconjugates and as a potential intermediate for the
stepwise synthesis of ferrocenamide-based polymers, our
finding is significant. Importantly, the reactivity towards
peptide coupling is different. Whereas, the active ester de-
rivative 2 undergoes amide bond formation with glycine
ethyl ester and other amino acids and peptides,[*?l the N-
oxide 3 does not react. This is in contrast with earlier re-
ports on the reactivity of HATU N-oxide derivatives, which
were shown to undergo a slow conversion into the desired
amide.

Experimental Section

General Procedure: The syntheses of 1'-(zert-butyloxycarbonylami-
no)ferrocene-1-carboxylic acid (1) was carried out using the pub-

178 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lished procedure.>’l All syntheses were carried out in air unless
otherwise indicated. CH,Cl, (BDH; ACS grade) used for synthesis
was dried (CaH,) and distilled prior to use. CDCl; (Aldrich) was
dried (CaH,), and stored over molecular sieves (8—12 mesh; 4 A
effective pore size; Fisher) before use. EDC-HCI, HOBt (Quan-
tum), MgSO,, and NaHCO; (VWR) were used as received. For
column chromatography, a column with a width of 2.7 cm (ID) and
a length of 45 cm was packed 18—22 cm high with 230—400 mesh
silica gel (VWR). For TLC, aluminum plates coated with silica gel
60 F,s4 (EM Science) were used. NMR spectra were recorded with
a Bruker Avance-500 spectrometer using a 5S-mm broadband probe
operating at 500.134 MHz ('H) and 125.766 MHz ('3C{'H}). Peak
positions in both 'H and '3C spectra are reported in ppm relative
to TMS. The '"H NMR spectra are referenced to the residual
CHCl; signal at § 7.27. All '*3C{'H} spectra are referenced to the
CDCl; signal at 0 = 77.23 ppm. Mass spectrometry was carried
out with a VG Analytical 70/20 VSE instrument. Infrared spectra
were obtained with a Perkin—Elmer model 1605 FT-IR.

Preparation of (Benzotriazol-1-yl) 1'-(zert-Butyloxycarbonylamino)-
ferrocene-1-carboxylate (2) and 3-{[1'-(tert-Butyloxycarbonyl-
amino)ferrocen-1-yljcarbonyl}benzotriazole 1-Oxide (3). Procedure
A: Solid HOBt (4.05 mmol, 0.62 g) and EDC-HCI (4.05 mmol,
0.78 g) were added to a solution of 1'-(ferz-butyloxycarbonyamino)-
ferrocene-1-carboxylic acid (1) (3.68 mmol, 1.27 g) in CH,Cl,
(40 mL),. The reaction mixture was stirred at room temperature (20
°C) for 2 h and then treated with an aqueous solution of saturated
NaHCOs, citric acid (10%), and water. The organic phase was sepa-
rated and dried with Na,SO,, and evaporated to dryness under
reduced pressure. The crude product was purified by flash column
chromatography (SiO,, EthOAc/hexanes, 1:2) to give dark orange
crystals of compound 2 (1.32 g, 78%) (R = 0.74), followed by red
crystals of compound 3 (68 mg, 4%) (R; = 0.42). Procedure B: The
same mixture as described under A was stirred at room temperature
for two hours in aqueous acetone (30 mL). The reaction mixture
was dried under reduced pressure and redissolved in CH,Cl,. After
the purification (vide supra), compounds 2 and 3 were obtained in
yields of (1.15 g, 64%) and (180 mg, 11%), respectively.

Characterization of 2: FAB-MS (m/z): calcd. for Cy,H,,FeN,O4 [M
+ 1]%: 463.2; found 463.1. FT-IR (KBr (cm™'): ¥ = 3322 (m,
N-H), 1788, 1723 (s, C=0). UV/Vis (MeCN): 1 (g,
L:mol~!cm™") = 453 nm (706). 'H NMR (CDCls): 6 = 8.02 (d,
Jun = 8.5Hz, | H, Br-ArH), 7.49 (t, Jun = 15.0Hz, 1 H, Bs-
ArH), 7.45 (d, Jyuu = 82Hz, 1 H, Bt-ArH), 7.38 (t, Jyu =
15.2 Hz, 1 H, Bt-ArH), 6.42 (br. s, 1 H, NH), 5.00 (s, 2 H, H-2 and
H-5, Fc), 4.71 (s, 2 H, H-2'" and H-5', Fc), 4.62 (s, 2 H, H-3 and
H-4, Fc), 4.08 (s, 2 H, H-3' and H-4', Fc), 1.27 [s, 9 H, C(CH3);]
ppm. BC{'H} NMR (CDCl5): 6 = 167.5 (s, COON-Bt), 153.5 [s,
COOC(CHs;);], 143.9, 129.5 (quaternary C of Ar Bt), 129.1, 125.2,
120.8, 109.1 (s, Ar Bt), 100.2 (C-1', Fc), 80.58 [C(CH3)5], 74.7 (C-
3 and C-4, Fc), 72.3 (C-2 and C-5, Fc¢), 66.9 (C-3' and C-4', Fc),
65.2 (C-1, Fc), 62.3 (C-2’ and C-5', Fc¢), 28.5 [C(CH3);] ppm.

Characterization of 3: FAB-MS (m/z): calcd. for C»,H»,FeN,O4 [M
+ 1]*: 463.2; found 463.1. FT-IR (KBr (cm™'): ¥ = 3310 (m,
N—-H), 1721, 1688 (s, C=0). UV/Vis (MeCN): 1 (e,
L'mol~'cm™") = 484 nm (1200). '"H NMR (CDCl,): 6 = 8.46 (d,
Jun = 85Hz, 1 H, Bt-ArH), 797 (d, Jun = 8.4Hz, | H, Bt-
ArH), 7.72 (t, Jug = 15.5Hz, 1 H, Br-ArH), 749 (t, Juu =
17.3 Hz, 1 H, Bt-ArH), 5.75 (br. s, 1 H, NH), 5.36 (s, 2 H, H-2 and
H-5, Fc), 4.63 (s, 2 H, H-3and H-4, Fc), 4.52 (s, 2 H, H-2’ and H-
5', Fc), 3.94 (s, 2 H, H-3" and H-4', Fc), 1.26 [s, 9 H, C(CHz);]
ppm. BC{'H} NMR (CDCl;): 6 = 168.0 (s, CON-Bt), 153.5 [s,
COO(CHs)s], 133.8, 132.4 (quaternary C of Ar Bt), 133.2, 127.0,
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Table 4. X-ray crystallographic data of complexes 2 and 3

FULL PAPER

2 3
Formula C22H22F6N4O4 C22H22F6N404
Molecular mass 462.29 462.29
Crystal dimensions (mm) 0.15 X 0.15 X 0.10 0.25 X 0.20 X 0.13
Crystal system Orthorhombic monoclinic
Space group (no.) Pna2, P2,/c (14)
a(A) 12.6580(2) 11.8140(2)
b (A) 17.2760(3) 12.0982(2)
c(A) 9.7170(5) 15.4850(3)
S (A) i 90 110.9844(8)
Cell volume (A%) 2124.91(2) 2066.45(6)
Molecular units per cell 4 4
u (mm~1) 0.746 0.768
Density (caled.) (grem ) 1.445 1.486
T (K) 173 173
Scan range (20) 1.99—-24.70 3.28—30.06
Scan speed (s frame™!) 135 40
Measured reflections 3462 11239
Unique reflections 3462 6005
Obsd. reflections (I = 20) 3187 4632
Parameters refined . 312 286
Max. residual electron density (A~3) 0.297 / =0.211 0.357/-0.374

Agreement factorsiIP! (F? refinement)

R, = 3.27%; R, = 6.87%

R, = 3.90%; R, = 9.05%

@Ry = [EIF| = IFIVEIF for [T > 26(D]. ™1 wRy = {[Zw(F,> = FYZw(F) 1.

117.3, 115.7 (Ar Bt), 98.9 (C-1’, Fc), 80.5 [C(CH3);], 74.8 (C-3 and
C-4, Fc), 74.1 (C-2 and C-5, Fc), 71.6 (C-1, Fc), 67.0 (C-3" and C-
4', Fe), 62.7 (C-2" and C-5', Fc), 28.5 [C(CHj3)3] ppm.

Attempted Coupling of 3: A solution of H-Gly-OEt-HCI
(0.24 mmol, 0.03 g) and Et;N (0.4 mL) in dry CH,Cl, (5 mL) was
added to a stirring solution of 3 (0.22 mmol, 0.10 g) in dry CH,Cl,
(10 mL). The progress of the reaction was followed by TLC
(EtOAc/hexanes/MeOH, 4:5:1). No product was observed after
24 h.

Electrochemical Measurements: The electrochemical experiments
were carried out at room temperature using a CV-50 W voltam-
metric analyzer. A gold electrode (diameter 50 pm) was used as
working electrode. 1 mm solutions of compounds 2 and 3 were pre-
pared in 0.1 M tetrabutylammonium perchlorate (TBAP) solution
in a CH3CN. The measurements carried out at a low scan rate of
100, 10 mV/s for cyclic voltammetry (CV) and differential pulse
voltammetry (DPV), respectively. A platinum wire (1 mm) was used
as the counter electrode and a Ag/AgCl (BAS) was used a the refer-
ence electrode. The Ej, of the Fe/Fc™ couple under the experimen-
tal conditions is 448(=5) mV (vs. Ag/AgCl).

X-ray Crystallography: Suitable crystals of compounds 2 (orange
plate-like crystal; 0.15 X 0.15 X 0.10 mm) were obtained from an
ether-layered solution of the compounds in chloroform, while 3
(dark red plate-like crystal; 0.25 X 0.20 X 0.13 mm) was obtained
by slow evaporation from an ethyl acetate/hexane(3:1) solvent mix-
ture. All measurements were made with a Nonius KappaCCD 4-
Circle Kappa FR540C diffractometer using graphite-monochrom-
ated Mo-K,, radiation (A = 0.71073 A) at —100 °C. An initial orien-
tation matrix and cell was determined from 10 frames using ¢
scans.?Yl Data were measured using ¢- and o-scans.?*! The data
were processed using the standard Nonius software.*! The struc-
tures were solved by direct methods (2: SIR-97; 3: SHELXS-
97)126:271 and refined by full-matrix least-squares methods on F?
with SHELXL-97—2.128 The non-hydrogen atoms were refined an-

Eur. J. Inorg. Chem. 2005, 173—180 www.eurjic.org

isotropically. Hydrogen atoms were included at geometrically ideal-
ized positions (C—H bond lengths 0.95/0.99 A; N—H bond lengths
0.88 A) and were not refined. The isotropic thermal parameters of
the hydrogen atoms were fixed at 1.2 times that of the preceding
carbon or nitrogen atom. The carbon and oxygen atoms of one
—C(O)O unit [labeled as C(I15A), O(11A), O(12A), C(15B),
O(11B), O(12B)] in 2 were disordered over two positions with site
occupancy factors of 0.825(5) and 0.175(5). The refined absolute
structure parameter [0.552(18)] for 2 was neither unity nor nil and
was used as the scale parameter in the racemic twin refinement.
The hydrogen atom at nitrogen atom N(21) in 3 was located from
the Fourier difference map. Its coordinates were allowed to refine,
whereas its isotropic thermal parameter was fixed at 1.2 times that
of the preceding nitrogen atom. Data relating to the structure deter-
mination are presented in Table 4. CCDC-241248 (2), -236850 (3)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html [or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (in-
ternat.) + 44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk].
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