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Cl/O interchange took place when WCl6 was allowed to interact with a series of α-aminoacids. The α-ammonium-acylchloride salts 

[NH2(CH2)3CHC(O)Cl] [WOCl5], 1a, and [MeNH2CH2C(O)Cl][WOCl5], 1b, were afforded in ca. 55% yields from the reactions of WCl6 with, 
respectively, L-proline and sarcosine in CH2Cl2. By using other reaction media (hexane or CHCl3), the α-amino-acylchloride complexes 

WOCl4 [O=C(Cl)CH(CH2)3NH2] , 5a, and WOCl4[O=C(Cl)CH(R)NHR′] (R = H, R′ = Me, 5b; R = R′ = H, 5c; R = Me, R′ = H, 5d) were isolated in 
moderate to good yields from WCl6 and, respectively, L-proline, sarcosine, glycine and L-alanine. The formation of 5a,b is basically the result of 
HCl release from the parent compounds 1a,b. 5a represents a key intermediate in the course of the reaction leading to (WOCl4)2[µ:κ2(O)-dkp], 2, 
dkp = (S,S)-octahydrodipyrrolo[1,2-a:1',2'-d]pyrazine-5,10-dione. 2 was optimally prepared from WCl6/L-proline at high temperature conditions. 
Hydrolytic treatment of 2 afforded the L-proline-derived 2,5-diketopiperazine (dkp), finally isolated with an overall yield of 70%. 1a,b were 
characterized by X-ray diffractometry, thus providing very rare examples of crystallographically characterized acylchloride derivatives of α-
aminoacids. DFT calculations were extensively carried out in order to shed light into structural and mechanistic features. 

 

Introduction 

Naturally-occurring α-aminoacids possess attractive properties 
which have aroused the interest in their employment in synthetic 
chemistry.1 Since they are excellent candidates as potential N,O-
donor ligands, the reactivity of α-aminoacids with transition metal 
compounds has been largely investigated.2 α-Aminoacidato 
derivatives of transition metals have found application in catalytic 
enantioselective synthesis, both in organic media 3 and in aqueous 
solution;1a moreover they have proved to exhibit interesting 
behaviour in biological applications 4 and solid state chemistry,5 
and as cytotoxic 6 and sol-gel-derived coating agents.7 Despite the 
effort in developing synthetic strategies aimed to incorporate α-
aminoacid moieties within metal compounds, very sparse 
information have appeared in the literature on the interaction of α-
aminoacids with high-valent transition metal halides. The 
formation of coordination adducts was described with reference to 
the reactions of group 4 tetrachlorides with a restricted series of α-
aminoacids, however no unambiguous structural characterization 
was supplied.8 The combination of TiCl4 with a variety of α-
aminoacids was proposed also as a procedure to obtain crystalline 
TiO2.

9 On the other hand, studies on the interaction of α-
aminoacids with halides of high-valent elements belonging to 
groups 5 and 6 are still missing in the literature. This lack of 
information contrasts with the well-ascertained behaviour of high 
valent groups 15 and 16 chlorides, e.g. PCl5 

10 and SOCl2,
1,11 

generally employed for the functionalization of the carboxylic 
acid moiety within the α-aminoacid skeleton. In particular, PCl5 
works as a direct Cl-transfer agent toward α-aminoacids, thus 
allowing the isolation of the relevant α-ammonium-acylchloride 
salts.10c It should be noted that this procedure is generally 
effective when primary α-aminoacids are involved, conversely it 
might be problematic with a higher degree of substitution at the 
nitrogen atom. In the latter case, alternative synthetic pathways 
usually become operative.12 Moreover, pyrrolidinium-2-
carbonylchloride salts can be easily obtained from PCl5 and L-
proline (i.e., a secondary α-aminoacid), but they are unstable at 
room temperature.  

Herein we present a study on the reactivity of WCl6 with a 
selection of α-aminoacids (Scheme 1), showing that the former 
behaves as a direct, effective chlorinating agent toward the 
carboxylic acid function. The process is effective also with two 
secondary α-aminoacids, i.e. L-proline and sarcosine: the resulting 
α-(secondary)ammonium-acylchloride salts are fairly stable at 
room temperature and have been crystallographically 
characterized. Spectroscopic and DFT studies have shed light into 
structural and mechanistic features, especially regarding the 
multistep reaction of WCl6 with L-proline, finally yielding the 
relevant 2,5-diketopyperazine (dkp, see Scheme 1). 
 

 

 L-proline  glycine             sarcosine                  L-alanine 

                                            dkp 
 

Scheme 1. α-aminoacids discussed in the present work and (S,S)-
octahydrodipyrrolo[1,2-a:1',2'-d]pyrazine-5,10-dione (dkp). 

Results and Discussion 

The 1:1 molar reactions of WCl6, in dichloromethane at 
room temperature, with L-proline and sarcosine afforded the salts 

[NH2(CH2)3CHC(O)Cl] [WOCl5], 1a, and [MeNH2CH2C(O)Cl] 
[WOCl5], 1b, as result of Cl/O interchange (Scheme 2). 
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Scheme 2. Synthesis of α-ammonium-acylchloride salts. 
 

Once isolated in the solid state, 1a-b resulted indefinitely 
stable at room temperature under inert atmosphere. They were 
fully characterized by elemental analysis, IR and NMR 
spectroscopy, moreover crystals suitable for X-ray analysis could 
be collected from CH2Cl2/hexane mixtures stored at −30 °C. The 
X-ray structures of 1a-b are shown in Figures 1-2, while relevant 
bonding parameters are given in Tables 1-2. 1a-b are ionic 
compounds containing both the [WOCl5]

– anion as well as a 

[NH2(CH2)3CHC(O)Cl] + (1a) or [MeNH2CH2C(O)Cl]+ (1b) cation.  
 

 
 

Figure 1. Molecular structure of [NH2(CH2)3CHC(O)Cl][WOCl5], 1a, 

with key atoms labeled. Displacement ellipsoids are at the 50% probability 
level.  
 
Table 1. Selected bond distances (Å) and angles (°) for 1a. 
W(1)–O(1) 1.685(3) W(1)–Cl(2) 2.5796(11) 
W(1)–Cl(3) 2.2931(11) W(1)–Cl(4) 2.3058(11) 
W(1)–Cl(5) 2.3372(11) W(1)–Cl(6) 2.3347(12) 
C(1)–Cl(1) 1.772(5) C(1)–O(2) 1.177(5) 
C(1)–C(2) 1.499(6) C(2)–C(3) 1.539(6) 
C(3)–C(4) 1.515(6) C(4)–C(5) 1.519(6) 
N(1)–C(5) 1.520(6) N(1)–C(2) 1.525(6) 
     
O(1)–W(1)–Cl(2) 176.77(12) Cl(4)–W(1)–Cl(6) 169.04(4) 
Cl(3)–W(1)–Cl(5) 168.17(4) Cl(1)–C(1)–O(2) 121.5(4) 
Cl(1)–C(1)–C(2) 111.7(4) C(2)–C(1)–O(2) 126.9(5) 
C(1)–C(2)–C(3) 113.4(4) C(1)–C(2)–N(1) 107.5(4) 
C(3)–C(2)–N(1) 103.6(4) C(2)–C(3)–C(4) 103.8(4) 
C(3)–C(4)–C(5) 103.1(4) C(4)–C(5)–N(1) 103.5(4) 
C(5)–N(1)–C(2) 108.5(3) 

  

 
 

Figure 2. Molecular structure of [MeNH2CH2C(O)Cl][WOCl5], 1b, with 
key atoms labeled. Displacement ellipsoids are at the 50% probability 
level. 
 
Table 2. Selected bond distances (Å) and angles (°) for 1b. 
W(1)–O(1) 1.681(4) W(1)–Cl(2) 2.6703(14) 
W(1)–Cl(3) 2.3206(14) W(1)–Cl(4) 2.3414(14) 
W(1)–Cl(5) 2.2948(13) W(1)–Cl(6) 2.2920(14) 
C(1)–Cl(1) 1.737(6) C(1)–O(2) 1.188(7) 
C(1)–C(2) 1.500(8) C(2)–N(1) 1.485(7) 
C(3)–N(1) 1.490(7) 
     
O(1)–W(1)–Cl(2) 177.94(14) Cl(4)–W(1)–Cl(6) 165.73(5) 
Cl(3)–W(1)–Cl(5) 166.33(5) Cl(1)–C(1)–O(2) 122.7(5) 
Cl(1)–C(1)–C(2) 112.8(4) C(2)–C(1)–O(2) 124.5(6) 
C(1)–C(2)–N(1) 108.8(4) C(2)–N(1)–C(3) 114.4(4) 

  
The cations in 1a-b are rare examples of structurally 

characterized α-ammonium acylchlorides, and 1b represents the 
first case related to sarcosine acylchloride. Bonding distances 
within the pyrrolidinium ring in 1a are comparable to those 
reported for proline hydrochloride 13 and 

[NH2(CH2)3CHC(O)Cl][MCl6] (M = Nb, Ta).14 The five-

membered cycle possesses an envelope conformation, being N(1), 
C(2), C(3) and C(5) almost coplanar [mean deviation from the 
least square plane 0.0358 Å] and C(4) 0.6089 Å away from this 
plane. The C(1)−O(2) distance [1.177(5) Å] corresponds to an 
almost pure double bond.15 The C(2) atom displays an absolute S 
configuration, with absolute structure parameter 0.015(7). An 
intramolecular hydrogen bond is present involving N(1)−H(11) as 
a donor and O(2) as an acceptor [N(1)−H(11) 0.891(19) Å; 
H(11)···O(2) 2.14(4) Å; N(1)···O(2) 2.714(5) Å; N(1)H(11)O(2) 
angle 121(4)°]. In addition, intermolecular N−H···Cl(W) H-bonds 
are present [N(1)−H(10) 0.885(19) Å; H(10)···Cl(2)#1 2.300(19) 
Å; N(1)···Cl(2)#1 3.185(4) Å; N(1)H(10)Cl(2)#1 angle 179(4)°; 
N(1)−H(11) 0.891(19) Å; H(11)···Cl(2)#2 2.49(4) Å; 
N(1)···Cl(2)#2 3.190(4) Å; N(1)H(11)Cl(2)#2 angle 136(4)°; 
symmetry transformations used to generate equivalent atoms: #1 –
x+1/2, -y, z-1/2; #2 –x, y+1/2, -z+1/2]. As a result of these 
intermolecular H-bonds, the cations and the anions are arranged in 
planes perpendicular to the crystallographic c axis (Figure 3), with 
the anions almost lying on these planes, and the cations just above 
and below. Only van der Waals contacts are present in between 
distinct planes. 

 
 

Figure 3. View along the crystallographic a axis of the crystal packing of 
1a. The crystallographic c axis is vertically oriented. H-bonds are 
represented as dashed lines. 
 

The [MeNH2CH2C(O)Cl]+ cation in 1b displays bonding 
parameters very similar to those reported for miscellaneous salts 
of the [MeNH2CH2C(O)OH]+ sarcosinium cation.16 The 
C(1)−O(2) interaction [1.188(7) Å] is essentially a double bond, 
whereas all other contacts are indicative of single bonds.15 
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Intermolecular N−H···Cl(W) H-bonds exist between the cation 
and the anion of 1b, resulting in infinite chains [N(1)−H(11) 
0.877(19) Å; H(11)···Cl(5)#1 2.34(2) Å; N(1)···Cl(5)#1 3.214(5) 
Å; N(1)H(11)Cl(5)#1 angle 176(5)°; N(1)−H(12) 0.876(19) Å; 
H(12)···Cl(5)#2 2.34(2) Å; N(1)···Cl(5)#2 3.202(5) Å; 
N(1)H(12)Cl(5)#2 angle 168(5)° (Figure 4); symmetry 
transformations used to generate equivalent atoms: #1 x, y+1, z; 
#2 –x+1, y+1/2, -z+3/2]. Only van der Waals contacts are present 
in between distinct planes. 

 
Figure 4. View along the crystallographic c axis of the H-bonded infinite 
chains of cations and anions present in the solid state structure of 1b. The 
crystallographic a axis is vertically oriented. H-bonds are represented as 
dashed lines. 

 
The [WOCl5]

– anion in 1a-b displays a distorted octahedral 
geometry. The W(1)−O(1) distances [1.685(3) and 1.681(4) Å for 
1a and 1b, respectively] are indicative of double bond;17 as a 
consequence, the W(1)−Cl(2) interaction [2.5796(11) and 
2.6703(14) Å], trans to the oxido ligand, is considerably longer 
respect to the other four W−Cl bonds [ranges 2.2931(11)-
2.3347(12) and 2.2920(14)-2.3414(14) Å], suggesting a strong 
trans influence of the oxido ligand. It must be remarked that only 
four examples of the [WOCl5]

– anion have been structurally 
characterized in association with miscellaneous cations,18 showing 
similar geometries and bonding parameters. Interestingly, the 
W−O [1.669-1.823 Å] and trans W−Cl [2.474-2.664 Å] distances 
are spread over a range of values. By comparison of the structures, 
an inverse correlation between the W−O and the trans W−Cl 
distances can be traced: more precisely, a strengthening of the 
W−O bond corresponds to a weakening of the trans W−Cl 
interaction. Since the anion is the same in all structures, it is likely 
that such differences arise from inter-molecular forces and/or 
packing effects. 
The IR spectra of 1a-b (in the solid state) clearly display the 
absorptions due to the stretching vibrations of C=O (1771 cm−1 in 
1a, 1768 cm−1 in 1b) and W=O (991 cm−1 in 1a, 990 cm−1 in 1b) 
bonds. The carbonyl absorptions are significantly high-frequency 
shifted in comparison with the respective situations seen in L-
proline and sarcosine,19 as consequence of the conversion of the 
carboxylic acid function into the acyl-chloride one. 

The 1H and 13C NMR spectra of 1a-b (in CD2Cl2 
solutions) exhibit single sets of resonances. Regarding the 2-
(methylammonium)acetylchloride cation in 1b, the N-bound 
protons have been observed as a broad signal at 7.94 ppm, while 
the 13C carbonyl resonance occurs at 168.5 ppm.  

To the best of our knowledge, synthetic procedures to 
access 1b have never been reported heretofore. 

Although compounds 1a-b did result stable in the solid 
state, they could undergo slow transformation in solution. More 
specifically, we recognized that a CD2Cl2 solution of 1a, 
contained in a flame-sealed NMR tube, did not change in 
composition after being stored for 48 h at room temperature. 
Instead, opening the tube resulted in gas evolution (HCl) and 
sluggish formation of a green compound. The NMR analyses 
suggested for the latter the formula (WOCl4)2[µ:κ2(O)-dkp], 2, 
comprising a bridging dkp ligand (Schemes 3 and 4). In order to 
favour the formation of 2, we tried the 1:1 reaction of WCl6 with 
L-proline under high temperature conditions: by using toluene as 
solvent, we recovered 2 in 70% yield after heating at ca. 100 °C 
for 42 h. Compound 2 could be obtained also by two alternative 
room temperature procedures, i.e. from WOCl4/dkp and 

WOCl4/ [NH2(CH2)3CHC(O)Cl] Cl; the latter reaction was 
accompanied by HCl release and allowed to isolate 2 with the best 
yield (82%) (Scheme 3). 
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Scheme 3. Reaction pathways to dinuclear complex containing dkp as 
bridging ligand. 

 
Compound 2 was fully characterized by analytical and 

spectroscopic techniques. The IR spectrum exhibit a strong 
absorptions at 1609 cm−1, attributed to the stretching vibration of 
the carbonyl moieties. The presence of the [W=O] group is 
manifested by a strong band at 997 cm−1. The NMR spectra (in 
CD3CN) show one single set of resonances, in agreement with a 
symmetrically-coordinated proline-derived frame lacking of N-
bound hydrogens; the carbonyl groups resonate at 169.6 ppm. The 
structure of 2 was optimized by DFT calculations and it is shown 
in Figure 5, while relevant bonding parameters are listed in Table 
3. 

 

 
Figure 5. DFT-optimized structure of (WOCl4)2[µ:κ2(O)-dkp], 2. 
 
Table 3. Selected computed bond distances (Å) and angles (°) for 2.  
  EDF2 M06/C-PCM 
W=O 1.683, 1.683 1.660, 1.661 
W−Cl 2.336, 2.335 2.347, 2.321 
 2.368, 2.370 2.308, 2.342 
 2.371, 2.370 2.348, 2.309 
 2.311, 2.312 2.341, 2.318 
W−OC 2.224, 2.222 2.198, 2.200 
C=O 1.254, 1.253 1.257, 1.258 
C−N 1.319, 1.319 1.315, 1.316 
O=W−OC 177.7, 178.1 177.8, 178.1 
O=W−Cl 96.3, 96.4 94.7, 94.8 
 94.4, 94.4 95.9, 96.2 
 96.9, 97.2 96.4, 96.6 
 99.6, 99.4 99.0, 99.2 
W−O−C 143.4, 145.2 144.1, 144.7 

 
The treatment of the reaction mixture containing 2 (see 
Experimental for details) with an aqueous solution of KHCO3 led 
to the isolation of the L-proline-derived cyclic dipeptide (dkp, 
Scheme 1) with an overall yield of 70% (Scheme 4); dkp was 
identified by IR 20 and NMR 24b,21 spectroscopy and by GC-MS 
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analysis. Optical rotation measurement (see Experimental) 
indicated the retention of configuration respect to the aminoacid 
precursor. Dkp belongs to the extensive family of 2,5-
diketopiperazines, i.e. a class of molecules displaying valuable 
biologic properties 22 and considered as promising scaffolds for 
drug discovery.23 Although the 2,5-diketopiperazine skeleton is 
easily available in nature, being found either alone or embedded in 
more complex architectures,23a there is currently interest in 
developing new synthetic strategies to obtain it.23a,24 

The multi-step reaction of WCl6 with L-proline was 
computationally investigated (Scheme 4).  
 

Insert Scheme 4 about here 

 
Thus we could identify the presumable, elusive species forming at 
the early stages of the WCl6/L-proline interaction. Monodentate 
coordination of the carboxylato moiety to the WCl6 frame appears 
to be viable, to give the distorted pentagonal bipyramid complex 

WCl6 [O=C(O)CH(CH2)3NH2] , 3 (Figure 6). The subsequent C−Cl 
bond formation would take place accompanied by hydrogen 
migration from N to O, affording the hexacoordinated W-complex 

WCl5 [OC(Cl)(OH)CH(CH2)3NH], 4 (Figure 7). The calculated 
activation free energy for the 3 → 4 conversion resulted low (21.3 
kcal mol−1, M06/C-PCM calculations; 15.4 kcal mol−1 at EDF2 
level). The only imaginary frequency characterizing the transition 
state geometry (i81 cm−1, M06/CPCM; i80 cm−1, EDF2) accounts 
at the same time of chloride migration from W to C and of 
hydrogen transfer from N to O. Salient bonding parameters of the 
calculated structures of 3-4 are provided as Supporting 
Information (Tables S5-S6). 

 

 
Figure 6. DFT-optimized structure of WCl6 [O=C(O)CH(CH2)3NH2] , 3. 

 
 

 
Figure 7. DFT-optimized structure of WCl5 [OC(Cl)(OH)CH(CH2)3NH] , 

4. Inset: transition state for the 3→4 conversion.  
 
C−O bond breaking in 4 results in the formation of 1a. 
Coordinate-driving calculations indicated that this process should 
have a very low energy barrier. According to the calculations, the 
conversion of 1a into 2 is a thermodynamically favoured process 
by about 24 kcal mol−1; it reasonably takes place with the stepwise 
elimination of two equivalents of HCl per mole of W. In principle, 

the first HCl release step might lead to the pyrrolidine-2-

carbonylchloride complex WOCl4 [O=C(Cl)CH(CH2)3NH] , 5a 
(Figure 8, Table S7), via the intermediate formation of its 

hydrochloride salt {WOCl4 [O=C(Cl)CH(CH2)3NH2]}Cl, 6 (Figure 
S11, Table S11 and Scheme 4). The conversion of 1a into 6 
presumably requires the dissociation of one chloride from the 
[WOCl5]

− anion; in fact the direct coordination of the organic 
fragment to [WOCl5]

− was ruled out, since all the geometry 
optimizations did not led to stable minima. The ∆G for the 
reaction [WOCl5]

− → WOCl4 + Cl−, considering CH2Cl2 as 
implicit solvent, resulted about 16.9 kcal mol-1. 
 

 

Figure 8. DFT-optimized structure of WOCl4 [O=C(Cl)CH(CH2)3NH] , 

5a. 
 
In view of the neutral character of 5a, we tried to intercept this 
probable intermediate by using low polar solvents as reaction 
media. One of these attempts was successful with hexane. The 
precipitate which formed was characterized by elemental analysis 
and IR spectroscopy; the outcomes of these characterizations were 
in agreement with the proposed structure of 5a. Major feature of 
the IR spectrum is given by a strong absorption at 1744 cm−1, 
which is coherent with the presence of a metal-coordinated 
acylchloride group (the relevant EDF2-calculated IR spectrum 
displays the carbonyl band at 1733 cm−1). The W=O group has 
been detected as an intense band at 981 cm−1. 
Since the calculated ∆G for the step 1a → 5a is high (+8.4 kcal 
mol−1, Scheme 4), the formation of 5a appears to be strictly 
associated with the possibility for the product HCl to escape the 
reaction site. Coherently with this point, 1a resulted unchanged in 
CD2Cl2 solution until stored in a close system (see above). 

The final conversion of 5a into 2 is highly favourable 
from a thermodynamic point of view (∆G5a→2 = −32.4 kcal mol−1, 
Scheme 4). The possibility of isolation of 5a implies the presence 
of a quite high activation barrier for the subsequent step. The 
intermediate compound 7 (Figure S12, Table S12), i.e. the species 
probably forming before the last HCl elimination, has been 
optimized by means of DFT calculations. The geometry of 7 
indicates the presence of a strong intermolecular interaction 
between [NH] and [C(O)Cl] fragments, possibly driving the 
formation of 2. 

Compound 1b, in dichloromethane solution, slowly 
converted into the α-amino-acylchloride complex 
WOCl4[O=C(Cl)CH2NHMe], 5b, analogous to 5a. This result was 
efficiently achieved by 1:1 molar reaction of WCl6 with sarcosine 
in CHCl3 (see Experimental). The same procedure allowed to 
obtain the fairly-stable complexes WOCl4[O=C(Cl)CH(R)NH2] 
(R = H, 5c; R = Me, 5d) in good yields, respectively from 
WCl6/glycine and WCl6/L-alanine (Scheme 4). The reactions were 
accompanied by HCl formation which was recognized by silver 
chloride precipitation tests (see Experimental). 
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Scheme 4. Synthesis of α-amino-acylchloride complexes. 
 

Compounds 5b-d were isolated as solid materials which 
revealed to be almost insoluble in organic solvents. They were 
characterized in the solid state by elemental analysis and IR 
spectroscopy. The IR spectra showed the bands due to the [C=O] 
and [W=O] moieties at typical wavenumber values (e.g. at 1730 
and 998 cm−1, in the case of 5c). Our attempts to clearly detect α-
ammonium-acylchloride compounds analogous to 1a-b, in the 
course of the reactions of WCl6 with glycine and L-alanine, failed. 
Nevertheless, in principle the formation of α-ammonium-
acylchloride salts precedes that of the α-amine-acylchloride 
complexes 5c-d. In order to shed light into these aspects, we 
optimized the DFT structures of 1b (Figure S2, Table S2), 5b-d 

(Figures S8-S10, Tables S8-S10), and the hypothetical compounds 
[NH3CH(R)C(O)Cl][WOCl5] (R = H, 1c; R = Me, 1d; Figures S3-
S4, Tables S3-S4). The calculated, optimized structures of 5b-d 
resemble the one of 5a in that the organic ligand is located in 
trans position with respect to the oxido moiety; as an example, a 
view of the DFT structure of 5d is shown in Figure 9. 

 

 
 

Figure 9. DFT-optimized structure of WOCl4[O=C(Cl)CH(CH3)NH2], 5d. 
 

According to the calculations, the conversions of 1b-d into the 
corresponding 5b-d are slightly endoergonic reactions which are 
reasonably driven by HCl elimination.25  
With the aim of reproducing cyclization reactions analogous to that 
described for the WCl6/L-proline system, 5b-d underwent thermal 
treatment in varying conditions. Notwithstanding all of these attempts 
afforded mixtures of compounds which could not be identified. 
 

Conclusions 

The present paper reports a very rare case of well defined interaction 
of α-aminoacids with a high valent transition metal halide (WCl6), the 
latter working as a selective Cl-transfer agent. The formation of 
WOCl5

− α-ammonium acylchloride salts may be considered as the 
first step of the WCl6/α-aminoacid interaction, followed by HCl 
elimination and, in the case of the L-proline derived species, clean 
cyclization reaction. Two secondary α-ammonium acylchloride salts 
have been isolated as solid materials fairly stable at room 
temperature. 

Experimental 

General 

1) Materials and methods. Warning: all of the metal products 
reported in this paper are highly moisture-sensitive, thus 

rigorously anhydrous conditions were required for the reaction 
and crystallization procedures. The reaction vessels were oven 
dried at 140°C prior to use, evacuated (10–2 mmHg) and then filled 
with argon. WCl6 (99.9%, Strem), PCl5 (98+%, Apollo Sci.) and 
the α-aminoacids (Apollo Sci.) were commercial products stored 
under argon atmosphere as received. WOCl4 was prepared 
according to literature procedure.26 Once isolated, the metal 
products were conserved in sealed glass tubes under argon. 
Solvents (Sigma Aldrich) were distilled from appropriate drying 
agents under argon atmosphere before use: CH2Cl2, CD2Cl2 and 
CDCl3 from P4O10, toluene from Na, pentane and hexane from 
LiAlH4. Infrared spectra were recorded at 298 K on a FT IR-
Perkin Elmer Spectrometer, equipped with UATR sampling 
accessory. NMR spectra were recorded on a Bruker Avance 
DRX400 instrument equipped with BBFO broadband probe at 298 
K, unless otherwise stated. The chemical shifts for 1H and 13C 
were referenced to the non-deuterated aliquot of the solvent. The 
chemical shifts for 31P were referenced to external H3PO4. The 1H 
and 13C NMR spectra were fully assigned via 1H,13C correlation 
measured through gs-HSQC and gs-HMBC experiments.27 
GC/MS analysis was performed on a HP6890 instrument, 
interfaced with MSD-HP5973 detector and equipped with 
Phenonex Zebron column. Optical rotation measurement was 
performed with a Perkin–Elmer 141 polarimeter (Na lamp, 589 
nm). Carbon, hydrogen and nitrogen analyses were performed on 
Carlo Erba mod. 1106 instrument. The chloride content was 
determined by the Mohr method 28 on solutions prepared by 
dissolution of the solid in aqueous KOH at boiling temperature, 
followed by cooling down to room temperature and addition of 
HNO3 up to neutralization. 
 

2) Synthesis and isolation of [NH2(CH2)3CHC(O)Cl][WOCl5], 

1a, and [MeNH2CH2C(O)Cl][WOCl5], 1b. L-proline (0.128 g, 
1.11 mmol) was added to WCl6 (0.430 g, 1.08 mmol) in CH2Cl2 
(15 mL). The mixture was stirred at room temperature for 18 h. 
Then the resulting dark-green solution was separated from the 
dark precipitate by filtration. The solution was layered with 
hexane and stored at −30 °C; a crop of crystals formed in 7 days. 
Yield 0.099 g, 18%. Additional amount of 1a was isolated from 
the reaction precipitate (filtrate): this was washed with toluene (20 
mL) and then with pentane (2 x 10 mL), thus it was dried under 
vacuo. Yield 0.193 g, 35% (total yield 53%). 
1a (green solid). Anal. Calcd. for C5H9Cl6NO2W: C, 11.74; H, 
1.77; N, 2.74; Cl, 41.57. Found: C, 11.69; H, 1.88; N, 2.65; Cl, 
41.32. IR (solid state): 3145m, 3073m-sh, 2956w, 1771s (C=O), 
1557s, 1455m, 1369m, 1337m, 1230m, 1208w, 1153m, 1061w, 
991vs (W=O), 975s, 941s, 863vs, 832m, 733m cm–1. 1H NMR 
(CD2Cl2): δ = 8.63 (br, 1 H, NH), 7.71 (br, 1 H, NH), 5.15 (m, 1 
H, CH), 3.80 (m, 2 H, NCH2), 2.79 (m, 1 H, CH2), 2.46 (m, 1 H, 
CH2), 2.35 (m, 1 H, CH2), 2.21 ppm (m, 1 H, CH2). 

13C{1H} 
NMR (CD2Cl2): δ = 172.5 (C=Ο), 68.4 (CH), 49.0 (NCH2), 29.5 
(CH2), 23.9 ppm (CH2).  
Compound 1b was obtained by a procedure similar to that 
described for the synthesis of 1a, from WCl6 (0.360 g, 0.907 
mmol) and sarcosine (0.082 g, 0.920 mmol). Yield 0.229 g, 52%. 
Crystals suitable for X-ray analysis were collected from a CH2Cl2 
solution layered with hexane and settled aside at −30 °C for 3 d. 
1b (ochre-yellow solid). Anal. Calcd. for C3H7Cl6NO2W: C, 7.42; 
H, 1.45; N, 2.88; Cl, 43.80. Found: C, 7.27; H, 1.50; N, 2.74; Cl, 
43.36. IR (solid state): 3015m-br, 2941w-sh, 2803w, 2695w, 
1768s (C=O), 1649w, 1567w, 1501w, 1457m, 1434w-m, 1408m, 
1348w-m, 1263w, 1169w, 1039w, 1013s, 990vs (W=O), 931vs, 
863s, 863s, 817vs, 774vs, 734m cm–1. 1H NMR (CD2Cl2): δ = 
7.94 (br, 2 H, NH2), 4.62 (s-br, 2 H, CH2), 3.15 ppm (s, 3 H, CH3). 
13C{1H} NMR (CD2Cl2): δ = 168.5 (C=Ο), 58.1 (CH2), 36.2 ppm 
(CH3). 
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3) Synthesis of (WOCl4)2[µµµµ:κκκκ
2222(O)-dkp], 2. 

A) From WCl6/L-proline. WCl6 (0.360 g, 0.908 mmol), toluene 
(15 mL) and L-proline (0.103 g, 0.895 mmol) were introduced 
into a Schlenk tube in the order given. The mixture was stirred at 
100 °C for 42 hours. The resulting dark precipitate was separated 
from the supernatant light-brown solution, washed with toluene (2 
x 10 mL) and pentane (25 mL), and then dried in vacuo. Yield 
0.275 g, 70%. Anal. Calcd. for C10H14Cl8N2O4W2: C, 13.69; H, 
1.61; N, 3.19; Cl, 32.32. Found: C, 13.55; H, 1.54; N, 3.29; Cl, 
32.10. IR (solid state): 2996vw, 2960vw, 2884vw, 1609vs (C=O), 
1487m, 1449w-m, 1341w, 1288w, 1274w, 1232w, 1141w, 
1071vw, 997s (W=O), 972m-s, 922w, 904w, 870m, 811w-m, 
761m cm−1. 1H NMR (CD3CN): δ = 4.32 (m, 1 H, CH), 3.39 (m, 2 
H, NCH2), 2.43 (m, 1 H, CH2), 2.15 (m, 1 H, CH2), 2.01 (m, 1 H, 
CH2), 1.91 ppm (m, 1 H, CH2). 

13C{1H} NMR (CD3CN): δ = 
169.6 (C=Ο), 60.9 (CH), 49.0 (NCH2), 29.2 (CH2), 24.7 ppm 
(CH2). 
B) From WOCl4/dkp. A suspension of WOCl4 (0.250 g, 0.732 
mmol) in CH2Cl2 (15 mL) was treated with dkp (0.070 g, 0.360 
mmol), freshly prepared from WCl6/L-proline/H2O (vide infra). 
Progressive turning of the mixture to green occurred. Then the 
volatile materials were removed, and the residue was rinsed with 
chloroform (20 mL). Compound 2 was isolated as a green solid 
and dried in vacuo. Yield 0.190 g, 60%. Anal. Calcd. for 
C10H14Cl8N2O4W2: C, 13.69; H, 1.61; N, 3.19; Cl, 32.32. Found: 
C, 13.60; H, 1.49; N, 3.12; Cl, 32.23. IR (solid state): 1612vs 
(C=Ο) cm−1. 
C) From WOCl4/PCl5/L-proline. A CH2Cl2 solution (15 mL), 
freshly prepared from PCl5 (0.225 g, 1.08 mmol) and L-proline 
(0.123 g, 1.07 mmol), was treated with WOCl4 (0.350 g, 1.02 
mmol). Immediate formation of an orange solution was noticed. 
The solution was stirred at room temperature for one week, during 
which progressive precipitation of a green solid and gas release 
occurred. Bubbling the gas (HCl) into an aqueous solution of 
AgNO3 determined the precipitation of a white solid (AgCl). 
Finally the green solid was isolated from the yellow solution, 
washed with toluene (2 x 30 mL) and dried in vacuo. Yield 0.367 
g, 82%. Anal. Calcd. for C10H14Cl8N2O4W2: C, 13.69; H, 1.61; N, 
3.19; Cl, 32.32. Found: C, 13.61; H, 1.69; N, 3.25; Cl, 32.53. IR: 
1609vs (C=Ο) cm−1. 
 

4) Isolation of (S,S)-octahydrodipyrrolo[1,2-a:1',2'-d]pyrazine-

5,10-dione (dkp). The toluene mixture obtained from the reaction 
of WCl6 (0.410 g, 1.03 mmol) with L-proline (0.116 g, 1.01 
mmol), see above, was allowed to cool to room temperature and 
treated with a 0.2 M aqueous solution of KHCO3 (25 mL). The 
resulting mixture was stirred overnight, then the volatile materials 
were removed. The residue was extracted with acetone (2 x 30 
mL), and the organic phase was filtered through a short alumina 
pad. Hence the solvent was removed, the residue was dissolved in 
CH2Cl2 and charged on a silica column. The use of a mixture of 
diethyl ether and acetone (1:1 v/v) as eluent allowed to isolate a 
fraction corresponding to dkp. The product was afforded as a 
light-yellow solid upon removal of the volatile materials in vacuo. 
Yield 0.069 g, 70%. Anal. Calcd. for C10H14N2O2: C, 61.84; H, 
7.27; N, 14.42. Found: C, 61.67; H, 7.25; N, 14.21. IR (solid 
state): 2973w, 2956w, 2883w, 1654vs (C=O),20 1512w, 1428s, 
1336m, 1292w-m, 1279m, 1259m, 1235w-m, 1202w, 1160m, 
1069w, 1020w, 1001w, 920w-m, 802m, 749s, 664m cm–1. 1H 
NMR (CDCl3): δ = 4.18 (m, 1 H, CH), 3.52 (m, 2 H, NCH2), 2.29 
(m, 1 H, CH2), 2.17 (m, 1 H, CH2), 2.01 (m, 1 H, CH2), 1.91 ppm 
(m, 1 H, CH2). 

13C{1H} NMR (CDCl3): δ = 166.4 (C=Ο), 60.4 
(CH), 45.2 (NCH2), 27.7 (CH2), 23.3 ppm (CH2). GC-MS: 195 
([M+1]+). [α]D

25 = −67 (c 1, CH3OH).20 
 

5) Synthesis and isolation of WOCl4[O=C(Cl)CH(CH2)3NH], 

5a. A suspension of WCl6 (0.290 g, 0.731 mmol) in hexane (15 

mL) was treated with L-proline (0.082 g, 0.712 mmol). The 
mixture was stirred at room temperature for 48 hours. During this 
period of time the system was purged with argon in order to 
remove the released gas (HCl). Bubbling the latter into an aqueous 
solution of AgNO3 determined the precipitation of a white solid 
(AgCl). A dark-red solid was obtained, which was separated from 
the supernatant solution and dried in vacuo. Yield 0.118 g, 35%. 
Anal. Calcd. for C5H8Cl5NO2W: C, 12.64; H, 1.70; N, 2.95; Cl, 
37.30. Found: C, 12.58; H, 1.70; N, 3.05; Cl, 37.15. IR (solid 
state): 2983m, 2881m, 1744vs (C=O), 1557s, 1450m, 1371vs, 
1293m, 1220s, 1170m, 1084w, 1034w, 981vs (W=O), 944m, 862s, 
844vs, 809vs, 780vs, 722m cm–1. 
 
6) Synthesis and isolation of WOCl4[O=C(Cl)CH(R)NHR′] (R 

= H, R′ = Me, 5b; R = R′ = H, 5c; R = Me, R′ = H, 5d). General 
procedure: the appropriate α-aminoacid was added to WCl6 in 
CHCl3 (15 mL). The mixture was stirred at room temperature for 
7 days. During this period of time, the system was purged with 
argon in order to remove the released gas (HCl). A dark-red solid 
was obtained, which was separated from the supernatant solution 
and dried in vacuo. Thus the volatile materials were removed 
under reduced pressure; the resulting residue was washed with 
toluene (20 mL) and pentane (20 mL), and then dried in vacuo. 
The same reactions were conducted in analogous conditions in 
sealed glass tube; after 1 week, the tube was cooled to ca. −40 °C 
and opened. The released gas (HCl) was conveyed into an 
aqueous solution of AgNO3, thus determining the precipitation of 
a white solid (AgCl). 
WOCl4[O=C(Cl)CH2NHMe], 5b. Yellow solid, 73% yield from 
WCl6 (0.460 g, 1.16 mmol) and sarcosine (0.105 g, 1.18 mmol). 
Anal. Calcd. for C3H6Cl5NO2W: C, 8.02; H, 1.35; N, 3.12; Cl, 
39.46. Found: C, 8.10; H, 1.43; N, 3.04; Cl, 39.35. IR (solid state): 
3157m, 3111w, 3006, 1727s (C=O), 1596m, 1557m, 1456m, 
1428w-m, 1410s, 1259m, 1209m, 1150w-m, 1055w, 979vs 
(W=O), 937w-m, 894m, 872m, 793vs, 766vs-sh cm–1. 
WOCl4[O=C(Cl)CH2NH2], 5c. Green solid, 77% yield from 
WCl6 (0.430 g, 1.08 mmol) and glycine (0.083 g, 1.11 mmol). 
Anal. Calcd. for C2H4Cl5NO2W: C, 5.52; H, 0.93; N, 3.22; Cl, 
40.74. Found: C, 5.56; H, 0.88; N, 3.16; Cl, 40.41. IR (solid state): 
3139m, 3043m, 2956w, 1730vs (C=O), 1582w, 1499m, 1416m, 
1323w, 1304w, 1196vs, 1103m, 1037w, 998vs (W=O), 907s, 852s, 
726m-s cm–1. 
WOCl4[O=C(Cl)CH(Me)NH2], 5d. Green solid, 72% yield from 
WCl6 (0.430 g, 1.08 mmol) and L-alanine (0.099 g, 1.11 mmol). 
Anal. Calcd. for C3H6Cl5NO2W: C, 8.02; H, 1.35; N, 3.12; Cl, 
39.46. Found: C, 7.98; H, 1.26; N, 3.14; Cl, 39.28. IR (solid state): 
3185m-br, 3122m-br, 1747s (C=O), 1589m, 1565w-sh, 1491m, 
1460w, 1391m, 1348w, 1213m, 1186s, 1117m-sh, 1101s, 984vs 
(C=O), 866m, 802s, 757s cm–1. 
 

7) X-ray crystallographic studies. Crystal data and collection 
details for 1a and 1b are listed in Table 4. The diffraction 
experiments were carried out on a Bruker APEX II diffractometer 
equipped with a CCD detector and using Mo-Kα radiation (λ = 
0.71073 Å). Data were corrected for Lorentz polarization and 
absorption effects (empirical absorption correction SADABS).29 
The structures were solved by direct methods and refined by full-
matrix least-squares based on all data using F2.30 All non-
hydrogen atoms were refined with anisotropic displacement 
parameters. All hydrogen atoms were fixed at calculated positions 
and refined by a riding model, except N-bonded H-atoms which 
were located in the Fourier map and refined isotropically using the 
1.2 fold Uiso value of the parent N-atom. N−H distances have been 
restrained to 0.89 Å (s.u. 0.02).  
 

Insert Table 4 here 

 

8) Computational studies. The computational geometry 
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optimization of the complexes was carried out without symmetry 
constrains, using the hybrid DFT EDF2 functional 31 in 
combination with the LACVP** basis set. The latter is a 
combination of the 6-31G(d,p) basis set with the LANL2DZ 
effective core basis set.32 Further geometry optimization was 
performed using the hyper-GGA functional M06 33 in 
combination with a polarized basis set composed by the 6-
31G(d,p) set on the light atoms 34 and the ECP-based 
LANL2TZ(f) set on the metal centre.35 C-PCM implicit solvation 
model (ε = 9.08) was added.36 In all of the cases the stationary 
points were characterized by IR simulations, from which zero-
point vibrational energies and thermal corrections were 
obtained.37 DFT-simulated IR data, obtained with harmonic 
approximation, assisted the interpretation of experimental IR 
spectra. Gaussian 09 38 and Spartan 08 39 were used as software. 
 

Supporting Information. Figures S1-S12 show the DFT-
calculated structures of 1a-d, 3, 4, 5a-d, 6, 7. Tables S1-S12 
contain the relevant bonding parameters. The DFT-optimized 
structures are also collected in a separated .xyz file. CCDC 
reference numbers 993258 (1a) and 1038415 (1b) contain the 
supplementary crystallographic data for the X-ray studies reported 
in 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: (internat.) +44-1223/336-033; e-
mail: deposit@ccdc.cam.ac.uk]. 
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Scheme 4. Relative free energies of possible intermediates during the synthesis of 2 (M06/C-PCM calculations). Complex 3 was taken as 
reference (G = 0 kcal mol−1). 
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Table 4. Crystal data and experimental details for 1a and 1b 

 1a 1b 

Formula C5H9Cl6NO2W C3H7Cl6NO2W 
Fw 511.68 485.65 
T, K 100(2) 100(2) 
Crystal system Orthorhombic Monoclinic 
Space Group P212121 P21/c 
a, Å 6.6352(8) 11.0913(14) 
b, Å 13.0006(16) 9.9771(13) 
c, Å 15.6451(19) 11.5383(15) 
β, ° 90 105.230(2) 
Cell Volume, Å3 1349.6(3) 1232.0(3) 
Z 4 4 
Dc, g cm-3 2.518 2.618 
µ, mm-1 9.726 10.647 
F(000) 952 896 
Independent reflections 3260 [Rint = 0.0379] 2410 [Rint = 0.0417] 
Data / restraints / parameters 3260 / 2 / 142 2410 / 2 / 124 
Goodness on fit on F2 1.008 1.003 
R1 (I > 2σ(I)) 0.0235 0.0276 
wR2 (all data) 0.0463 0.0635 
Largest diff. peak and hole, e Å-3 1.185 / –1.596 2.282 / –1.010 
Absolute structure parameter 0.015(7) - 


