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Experimental Section

General considerations

All syntheses were carried out under an argon atmosphere with standard Schlenk and 

glovebox techniques unless otherwise stated. The complex [(5-C5H5)(OC)2Mn=B(tBu)] (1) 

and the gold(I) complexes were prepared according to published procedures.1-3 Pentane, 

hexane and benzene were dried by distillation over Na/K alloy under argon and stored over 

molecular sieves. Toluene and C6D6 were dried over Na, distilled under argon and stored 

over molecular sieves. Elemental analyses were obtained from an Elementar Vario MICRO 

cube instrument. NMR spectra were recorded on a Bruker Avance 400 (1H: 400 MHz, 
31P{1H}: 162 MHz, 11B: 128 MHz, 13C{1H}: 101 MHz) and/or a Bruker Avance 500 FT-NMR 

spectrometer (1H: 500 MHz, 31P{1H}: 202 MHz, 11B: 160 MHz, 13C{1H}: 126 MHz). Chemical 

shifts are given in ppm, and are referenced against external SiMe4 (1H, 13C{1H}), BF3·Et2O 

(11B) and 85% H3PO4 (31P).

Preparation of [(5-C5H5)(OC)2Mn{-B(R)(tBu)}Au(PPh3)] (R = Ph, CCPh and 

NCS)

In a glovebox charged with an argon atmosphere, a solid mixture of the gold-manganese 

complex [(5-C5H5)(OC)2Mn{-B(Cl)(tBu)}Au(PPh3)] (2) (5 mg, 0.007 mmol) and a 

stoichiometric amount of a nucleophile (PhLi, 0.7 mg, 0.007 mmol; [NBu4][SCN], 0.8 mg, 

0.007 mmol or LiCCPh, 0.8 mg, 0.007 mmol) was dissolved in ca. 1.5 mL of benzene. The 

reaction mixture was shaken by hand for three minutes and the resulting intense orange 

solution was filtered immediately through a cotton plug. The bright orange filtrate was 

collected in a small vial, to which ca. 1.5 mL of pentane was added. The solution mixture was 

stored at –30 C overnight. As the benzene slowly froze from the solvent mixture, X-ray 

quality crystals of [(η5-C5H5)(OC)2Mn{μ-B(R)(tBu)}Au(PPh3)] (R = Ph, CCPh and NCS) 

formed in varying yields.

[(η5-C5H5)(OC)2Mn{μ-B(Ph)(tBu)}Au(PPh3)] (5a): 4 mg, 78% yield. IR (solid): 1913 (s), 1851 

(s) (CO) cm–1. 1H NMR (C6D6): δH 7.50–6.98 (m, 20 H, Ph) 4.38 (s, 5 H, η5-C5H5), 1.63 [s, 9 

H, BC(CH3)3]. 13C{1H} NMR (C6D6): δC 234.2 (s, br, CO), 225.5 (s, br, CO) 134.21 (d, JPC = 

14, PPh), 131.41 (d, JPC = 2, PPh), 131.10 (d, JPC = 45.3, PPh), 129.42 (d, JPC = 10, PPh), 

129.03 (br, BPh), 126.26 (s, BPh), 123.01 (s, BPh), 86.84 (η5-C5H5), 37.54 (br, BC(CH3)3), 

30.82 (s BC(CH3)3). 11B NMR (C6D6): δB 120.3 (s, br). 31P{1H} NMR (C6D6): δP 55.0 (s). Anal. 

found: C, 54.24; H, 4.26. Calcd. for C35H34O2AuMnPB: C, 53.87; H, 4.39. 
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[(η5-C5H5)(OC)2Mn{μ-B(CCPh)(tBu)}Au(PPh3)] (5b): 5 mg, 83% yield. IR (solid): 1913 (s), 

1863 (s) (CO) cm–1. 1H NMR (C6D6): δH 7.51–6.94 (m, 20 H, Ph), 4.82 (5 H, η5-C5H5), 1.78 

(9 H, BC(CH3)3); 1H NMR (500 MHz, C6D6): δH 7.51–7.43, 7.13–6.92 (m, 20 H, Ph), 4.82 (s, 

η5-C5H5), 1.78 (s, 9 H, BC(CH3)3); 13C{1H} NMR (125.8 MHz, C6D6): δC 233.5 (s, br, CO), 

226.4 (s, br, CO), 134.4 (d, JPC = 14, PPh), 131.6 (s, CPh), 131.3 (d, JPC = 2, p-Ph), 130.8 (d, 

JPC = 48, ipso-Ph), 129.4 (d, JPC = 11, Ph), 126.6 (s, CPh), 125.7 (s, CPh), 106.7 (s, CPh), 

87.26 (η5-C5H5), 37.26 (s, br, BC(CH3)3), 31.63 (s, BC(CH3)3); 11B NMR (128 MHz, C6D6): δB 

107.8 (s, br); 11B NMR (161 MHz, C6D6): δB: 105.5 (s, br). 31P{1H} NMR (162 MHz C6D6): δP 

53.4 (s) 31P{1H} NMR (202 MHz, C6D6): δP 53.4 (s). Anal. found: C, 58.44; H, 4.47. Calcd. for 

C37H34O2MnAuPB·C6H6: C, 58.52; H, 4.57.

[(η5-C5H5)(OC)2Mn{μ-B(NCS)(tBu)}Au(PPh3)] (5c): Crystals form from the reaction mixture 

20% of the time in around 20% yield (ca. 1 mg). IR (solid): 1921 (s), 1867 (s) (CO) cm–1. 1H 

NMR (C6D6): δH 7.39–6.96 (m, 15 H, Ph), 4.63 (5 H, η5-C5H5), 1.41 (BC(CH3)3), 13C{1H} NMR 

(125.8 MHz, C6D6): 134.6 (NCS), 134.3 (d, JPC = 14, PPh), 131.6 (d, JPC = 2, p-Ph), 130.4 (d, 

JPC = 49, ipso-Ph), 129.6 (d, JPC = 11, Ph), 85.56 (s, η5-C5H5), 37.26 (s, br, BC(CH3)3), 29.59 

(s, BC(CH3)3); 11B NMR (C6D6): δB 95.1 (s, br). 31P{1H} NMR (C6D6): δP 53.6 (s).

Reactions of 3 with nucleophiles

The reactions of 3 with nucleophiles LiPh, LiCCPh and [NBu4][NCS] have also been carried 

out in the same way as what has been described for 2. However the reactions lead to 

mixtures of compounds from which only [(η5-C5H5)(OC)2Mn{μ-B(CCPh)(tBu)}Au(PCy3)] (6) 

could be partially characterized. 1H NMR (C6D6): δH 7.53–7.00 (m, 6 H, Ph), 4.83 (5 H, η5-

C5H5), 1.87 (9 H, BC(CH3)3), 1.77–0.95 (33 H, Cy) 11B NMR (C6D6): δB 106.4 (s, br). 31P{1H} 

NMR (C6D6): δP 70.9 (s).

Preparation of [{(5-C5H5)(OC)2Mn}2{-BtBu}2Au][BArx4], Arx = 3,5-C6H3Cl2 

([8][BArCl4]) and 3,5-C6H3(CF3)2 ([8][BArF4])

In a glovebox charged with an Ar atmosphere, a solid mixture of the gold borylene complex 2 

(5 mg, 0.007 mmol) and a stoichiometric amount of Na[BArx
4] (Arx = C6H4Cl2, 4 mg, 0.007 

mmol; Arx = C6H4(CF3)2, 5 mg, 0.007 mmol) was dissolved in ca. 1.5 mL of toluene. The 

reaction mixture was shaken by hand for three minutes and the resulting intense orange 

solution was filtered immediately through a cotton plug. The bright orange filtrate was 

collected in a small vial, to which ca. 1.5 mL of n-pentane was added. The solution mixture 
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was stored at −30 C for 5 days. X-ray quality crystals of [8][BArCl
4] formed in satisfactory 

yield (4 mg, 40%), which are sparingly soluble in n-hexane, benzene, toluene, and soluble in 

DCM. When Na[C6H4(CF3)2] was used, the reaction mixtures afforded a mixture of crystals in 

low yields. An analytically pure sample of [8][BArF
4] could not be obtained. 

 [{(5-C5H5)(OC)2Mn}2{-BtBu}2Au][BArCl4] ([8][BArCl
4]): 1H NMR (CD2Cl2): δH 7.04-

7.03 (8 H, m, br, o-C6H3Cl2), 7.00-7.04 (4 H, s, p-C6H3Cl2), 5.17 [10 H, s, η5-C5H5], 1.25 (18 

H, s, BC(CH3)3); 13C{1H} NMR (CD2Cl2): δC 219.1 (s, CO), 133.5 (m, br, o-C6H3Cl2), 133.3 (q, 

JBC = 5, m-C6H3Cl2), 123.4 (s, p-C6H3Cl2), 85.98 (s, η5-C5H5), 26.41 (s, BC(CH3)3); 11B NMR 

(CD2Cl2): δB 144.3 (s, br), −7.04. Anal. Found: C, 43.65; H, 3.08. Calcd. for 

C46H40AuMn2Cl8O4B3: C, 43.17; H, 3.15.

Preparation of [{(5-C5H5)(OC)2Mn}2{-B(tBu)}2Ag][B{C6H3Cl2}4}] ([9][BArCl
4])

Method 1: In a glovebox charged with an argon atmosphere, to a solid mixture of the 

borylene complex [(5-C5H5)(OC)2Mn=BtBu] (1, 10 mg, 0.041 mmol) and Ag[B(C6H3Cl2)4] (14 

mg, 0.021 mmol) was added ca. 4 mL toluene. This slurry was shaken vigorously until a 

cloudy orange solution was obtained, which was then quickly filtered through a cotton plug. 

The clear orange filtrate was left at room temperature until it started to crystallize (ca. 1 min) 

before moving it to the freezer for further crystallization. Brown crystals of the title compound 

formed overnight from the solution in 90% yield (22 mg).

Method 2: In a glovebox charged with an argon atmosphere, to a solid mixture of the 

borylene complex [(5-C5H5)(OC)2Mn=BtBu] (1, 20 mg, 0.082 mmol), [AgCl(PPh3)] (17 mg, 

0.41 mmol) and Na[B(C6H3Cl2)4] (25 mg, 0.41 mmol) was added ca. 3 mL of fluorobenzene. 

The resulting cream-colored slurry was shaken by hand for 5 minutes resulting in a light 

orange cloudy solution, which was filtered immediately through a cotton plug. The clear 

orange filtrate was collected in a small vial and stored at –30 C overnight, to which added 

toluene and pentane (0.5 mL each). This mixture was stored at –30 C for another two days. 

A mixture of yellow and colorless crystals formed in the vial, which consisted of the title 

compound and [Ag(PPh3)3][B{C6H3(CF3)2}4] (yield of the crystal mixture: 0.35 mg). Crystals 

were only obtained when toluene and pentane were added to the solution.

[(η5-C5H5)2(OC)4Mn2Ag(μ-BtBu)2][BArCl
4] ([9][BArCl

4]): 1H NMR (CD2Cl2): δH 7.40-7.05 (m, 

12 H, B(C6H3Cl2)4), 5.04 [10 H, η5-C5H5], 1.21 [18 H, BC(CH3)3]; 13C{1H} NMR (CD2Cl2): δC 

133.7, 133.4, 123.9 (br, B(C6H3Cl2)4), 84.83 (s, η5-C5H5), 25.57 (s, BC(CH3)3). 11B NMR 
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(CD2Cl2): δB 145.6 (Mn=B), −7.06 (BArCl
4). Anal. Found: C, 48.72; H, 3.58. Calcd. for 

C46H40AgMn2Cl8O4B3 ·C6H5F: C, 48.54; H, 3.53.

[Ag(PPh3)3][BArCl
4] 1H NMR (CD2Cl2): δH 7.61-6.99 (m). 11B NMR (CD2Cl2): δB −6.97 

(BArCl
4); 31P{1H} NMR (CD2Cl2): δP 11.53.

Preparation of [{(η5-C5H5)(OC)2Mn(μ2-BtBu)Cu}2{(η5-C5H5)(OC)2Mn}][B(C6H3Cl2)4] 
(11) and [{(5-C5H5)(OC)2Mn}2{-BtBu}2Cu][B(C6H3Cl2)4] (10)

[{(η5-C5H5)(OC)2Mn(μ-BtBu)Cu}2{(η5-C5H5)(OC)2Mn}][B(C6H3Cl2)4] (11) In a glovebox 

charged with an Ar atmosphere, a solid mixture of one equivalents of the borylene complex 

[(η5-C5H5)(OC)2Mn(BtBu)] (1) (10 mg, 0.041 mmol), one equivalent of CuCl(PPh3) (15 mg, 

0.041 mmol) and one equivalent of Na[BArCl
4] (ArCl = C6H3Cl2, 25 mg, 0.041 mmol) was 

dissolved in ca. 5 mL of toluene. The resulting cream-colored slurry was shaken by hand for 

2 minutes and a light orange cloudy solution was obtained and filtered immediately through a 

cotton plug. The clear orange filtrate (usually shows signs of decomposition before the 

filtration finishes) was collected in a small vial and stored at −30 C for 4 days. A small 

amount of orange crystals formed in the vial (non-crystalline orange-brown precipitates were 

also present), which consists of the title compound. The orange crystals are sparingly soluble 

in benzene or toluene. They are moderately soluble in dichloromethane though decompose 

rapidly in solution. The NMR experiments of the reaction mixture and crystals were carried 

out though no useful information could be extracted from the spectra: multiple hydrides were 

observed from the reaction mixture and no signals were detected from a dichloromethane 

solution of the crystals. As the amount of crystals isolated is very small and highly unstable, 

X-ray crystallography was the only possible method of characterization (See X-ray 

determinations). The metal framework shows two identical moieties [Cu(-BtBu){Mn(η5-

C5H5)(CO)2}] connected to an extra manganese fragment, with only one borate as a 

counteranion. To the best of our chemical knowledge, it seems plausible (in terms of charge 

and electron counting) that a hydride should be present in the structure, which makes 11 a 

diamagnetic compound.

[{(5-C5H5)(OC)2Mn}2{2-BtBu}2Cu][B(C6H3Cl2)4] (10) The synthesis of 10 is the same as 

that of 11 with an additional equivalent of cymantrene [(η5-C5H5)Mn(CO)3] added to the 

reaction mixture. The crystals formed in the cold filtered reaction mixture are 10. Similar to 

the case of 11, X-ray crystallography was the only possible method for characterization as 

the compound is highly sensitive and thermally unstable and can be only obtained in poor 

yields.
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X-ray Crystallographic Determination

The crystal data of 5a–5c and 12 were collected on a BRUKER X8-APEX 2 (APEX2 CCD-

detector, NONIUS FR-591 rotating anode generator) and those of 8–11 on a BRUKER 

D8-QUEST (PHOTON CMOS-detector, INCOATEC IS microfocus source) diffractometer with 

multi-layer mirror monochromated MoK radiation. The structures were solved using the 

intrinsic phasing method (SHELXT), expanded using Fourier techniques and refined with the 

SHELXL software package (see CIF files for detail on software versions).4 All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were assigned to idealized geometric 

positions and included in structure factor calculations. Additional details on refinement can be 

found in CIF files (_refine_special_details section). The SHELXL was interfaced with SHELXLE 

GUI for most of refinement steps.5 The pictures of molecules were prepared using POV-RAY 

3.6.2.6 Crystallographic data can be obtained from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif

It should be mentioned that because of extensive use of residues in SHELXL refinement, the 

labels of atoms in the paper are differs from those in CIF files.

Crystal data for 5a:

C35H34AuBMnO2P, Mr = 780.31, yellow plate, 0.31×0.21×0.07 mm3, triclinic space group P-1, 

a = 10.071(4) Å, b = 11.844(4) Å, c = 13.400(5) Å,  = 86.394(11)°,  = 79.387(18)°, 

 = 74.371(12)°, V = 1512.9(10) Å3, Z = 2, calcd = 1.713 g·cm–3,  = 5.344 mm–1, 

F(000) = 768, T = 100(2) K, R1 = 0.0161, wR2 = 0.0377, 6191 independent reflections 

[2≤52.74°] and 373 parameters, CCDC-1033284.

Crystal data for 5b:

C43H40AuBMnO2P, Mr = 882.43, orange plate, 0.197×0.116×0.01 mm3, monoclinic space 

group C2/c, a = 41.848(8) Å, b = 10.898(2) Å, c = 15.941(3) Å,  = 91.024(9)°, 

V = 7269(2) Å3, Z = 8, calcd = 1.613 g·cm–3,  = 4.460 mm–1, F(000) = 3504, T = 100(2) K, 

R1 = 0.0790, wR2 = 0.1043, 7172 independent reflections [2≤52.044°] and 445 parameters, 

CCDC-1033285.

Crystal data for 5c:

C30H29AuBMnNO2PS, Mr = 761.29, orange block, 0.24×0.23×0.18 mm3, monoclinic space 

group P21/n, a = 13.491(2) Å, b = 13.559(2) Å, c = 16.412(2) Å,  = 101.959(15)°, 

V = 2937.1(8) Å3, Z = 4, calcd = 1.722 g·cm–3,  = 5.572 mm–1, F(000) = 1488, T = 100(2) K, 

R1 = 0.0370, wR2 = 0.0688, 6738 independent reflections [2≤54.998°] and 346 parameters, 

CCDC-1033286.
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Crystal data for 8:

The quality of the crystals of compound 8 was relatively low. The reflections were diffused 

and at higher resolutions (0.95–0.8 Å) smudging led to lower completeness (e.g. 5–10% of 

reflections were not integrated due to exceeding of the image queue). As observed in the 

case of a few earlier cymantrene-tert-butylborylene derivatives, because of similar volume, 

the BtBu and cymantrene moieties can exchange their positions. The second cation in the 

structure was affected by this kind of disorder (see Fig. 1). This led to high residual density 

near the gold atom. From the remaining residual peaks only manganese and oxygen atoms 

could be easily localized. The bulk of the light atoms give rise to a random, diffused pattern 

around the borylene moiety. For this reason the minor disordered part was fitted as a rigid 

fragment using coordinates from the non-disordered first molecule and all its atoms, apart 

from the gold atom, were refined isotropically with common Ueq parameter. The refinement of 

this disorder gave an occupancy of 4% for the minor fragment. 

Figure S1 POV-Ray stereo-pair depiction of the disorder of the [Au{Cp(OC)2Mn=BtBu}2]+ cation in the 

structure of [8]+. The disordered parts of molecule were overlapped with red (96%) and blue (4%) 

transparency.

C46H40AuB3Cl8Mn2O4, Mr = 1279.65, yellow block, 0.357×0.226×0.11 mm3, monoclinic space 

group P21/c, a = 18.435(6) Å, b = 33.798(15) Å, c = 17.288(5) Å,  = 113.832(18)°, 

V = 9853(6) Å3, Z = 8, calcd = 1.725 g·cm–3,  = 3.951 mm–1, F(000) = 5024, T = 100(2) K, 

R1 = 0.0626, wR2 = 0.0999, 17575 independent reflections [2≤50.7°] and 1232 parameters, 

CCDC-1033287.

Crystal data for 9 (coplanar):
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C98H85Ag2B6Cl16FMn4O8, Mr = 2477.21, orange plate, 0.220×0.105×0.035 mm3, triclinic space 

group P-1, a = 12.2946(6) Å, b = 13.8214(6) Å, c = 16.0619(8) Å,  = 88.083(2)°, 

 = 67.993(2)°,  = 83.916(2)°, V = 2516.2(2) Å3, Z = 1, calcd = 1.635 g·cm–3,  = 1.350 mm–1, 

F(000) = 1242, T = 100(2) K, R1 = 0.0690, wR2 = 0.1555, 10246 independent reflections 

[2≤52.742°] and 665 parameters, CCDC-1033288.

Crystal data for 9’ (staggered):

Compound 9 crystallized from toluene as thin plates (thinner than 0.015 Å). In polarized light 

these plates showed non-homogeneous color, which could indicate twinning. Indeed during 

the refinement, very high values of K for the low-intensity reflexes (K = Mean[Fo
2] / Mean[Fc

2]) 

were reported, which usually indicates twinning or a split crystal. Attempts to indicate 

additional domains were inconclusive. For this reason we used the standard non-twin 

integration procedure. All reported restraints were used on atoms belonging to the triple-

disordered solvent molecule (toluene).

C53H48AgB3Cl8Mn2O4, Mr = 1282.69, colorless plate, 0.175×0.095×0.015 mm3, monoclinic 

space group P21/n, a = 11.184(4) Å, b = 36.556(15) Å, c = 13.609(4) Å,  = 93.434(10)°, 

V = 5554(4) Å3, Z = 4, calcd = 1.534 g·cm–3,  = 1.225 mm–1, F(000) = 2584, T = 100(2) K, 

R1 = 0.1203, wR2 = 0.1631, 10554 independent reflections [2≤51.362°] and 730 parameters, 

CCDC-1033289.

Crystal data for 9 (staggered):

Both cations [Ag{Cp(OC)2Mn=BtBu}2]+ in the structure of 9 (staggered) have shown disorder 

in one of cymantrene-borylene moieties. All displacement parameters of disordered atoms 

were restrained to the same value with similarity restraint SIMU. To keep their behavior 

approximately isotropic the ISOR keyword was used. The 'rigid bond' restraint was used for 

all bonds in the disordered parts (see the Shlexl-file included in CIF for details). 

C92H80Ag2B6Cl16Mn4O8, Mr = 2381.12, colorless plate, 0.216×0.139×0.084 mm3, monoclinic 

space group P21/c, a = 18.444(9) Å, b = 33.901(13) Å, c = 17.285(5) Å,  = 113.909(17)°, 

V = 9881(7) Å3, Z = 4, calcd = 1.601 g·cm–3,  = 1.371 mm–1, F(000) = 4768, T = 100(2) K, 

R1 = 0.0628, wR2 = 0.1189, 20207 independent reflections [2≤52.742°] and 1500 

parameters, CCDC-1033290.

Crystal data for 10:

C53H48B3Cl8CuMn2O4, Mr = 1238.36, yellow plate, 0.165×0.158×0.074 mm3, monoclinic space 

group P21/n, a = 11.0743(18) Å, b = 36.198(9) Å, c = 13.711(4) Å,  = 93.21(2)°, 

V = 5487(2) Å3, Z = 4, calcd = 1.499 g·cm–3,  = 1.271 mm–1, F(000) = 2512, T = 100(2) K, 
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R1 = 0.0821, wR2 = 0.1370, 11212 independent reflections [2≤52.742°] and 648 parameters, 

CCDC-1033291.

Crystal data for 11:

The metal framework shows two identical moieties [Cu(-BtBu){Mn(η5-C5H5)(CO)2}] 

connected to an extra manganese fragment, with only one borate as a counteranion. To the 

best of our chemical knowledge, it seems plausible (in terms of charge and electron 

counting) that a hydride should be present in the structure, which makes 11 a paramagnetic 

compound (and hence the absence of the NMR signals). The highest Q peak of the structure 

is located next to one copper atom, which has been attributed to the previously observed 

disorder of the [(η5-C5H5)(OC)2MnM(-BtBu)] moiety (also see Structure of 8).7 The next 

highest Q peak has been assumed for the hydride and its position was refined. It is located 

on the top of MnCu2 ring, closer to the connecting manganese atom than to either copper 

atom, which complies with the overall symmetrical structure of the metal framework as well 

as the well-known [(η5-C5H5)(CO)2MnH]– anion. 

 [C29H34B2Cu2Mn3O6][C24H12BCl8]×2(CH2Cl2), Mr = 1556.68, orange plate, 

0.15×0.14×0.05 mm3, triclinic space group P-1, a = 11.952(4) Å, b = 14.576(5) Å, 

c = 20.573(6) Å,  = 70.672(14)°,  = 73.210(17)°,  = 68.233(18)°, V = 3084.0(17) Å3, Z = 2, 

calcd = 1.676 g·cm–3,  = 1.844 mm–1, F(000) = 1560, T = 100(2) K, R1 = 0.0391, 

wR2 = 0.0790, 12602 independent reflections [2≤52.742°] and 739 parameters, 

CCDC-1033292.

Crystal data for 11’:

The geometry of the minor part of disordered [C29H34B2Cu2Mn3O6]– was fitted to the geometry 

of the dominant residue. The minor residue was refined isotropically. Also, the solvent 

molecules (toluene) were fitted to the idealized geometry. 

 [C29H34B2Cu2Mn3O6][C24H12BCl8]×2(C7H8), Mr = 1571.09, yellow plate, 

0.322×0.098×0.02 mm3, Triclinic space group P-1, a = 11.301(4) Å, b = 14.461(3) Å, 

c = 21.311(7) Å,  = 97.172(14)°,  = 96.19(3)°,  = 102.139(18)°, V = 3345.5(17) Å3, Z = 2, 

calcd = 1.560 g·cm–3,  = 1.546 mm–1, F(000) = 1592, T = 100(2) K, R1 = 0.0690, 

wR2 = 0.1408, 15988 independent reflections [2≤55.836°] and 858 parameters, 

CCDC-1033293.

Crystal data for 12:

Some of the CF3 groups in this structure showed rotational disorder and were refined as 

disordered. The atomic displacement parameters in these groups were restricted with SIMU 
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and DELU restraints. The Uii displacement parameters of some F atoms (see the Shelx file 

included in CIF) were restrained with the ISOR keyword to approximate isotropic behavior. 

C75H50AuBF24P2, Mr = 1676.86, colorless plate, 0.28×0.18×0.08 mm3, triclinic space group P–

1, a = 12.380(3) Å, b = 15.772(5) Å, c = 18.327(4) Å,  = 83.065(19)°,  = 74.699(13)°, 

 = 81.63(2)°, V = 3402.2(16) Å3, Z = 2, calcd = 1.637 g·cm–3,  = 2.319 mm–1, F(000) = 1660, 

T = 100(2) K, R1 = 0.0647, wR2 = 0.1105, 13833 independent reflections [2≤52.744°] and 

1037 parameters, CCDC-1033294.
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Computational Details Section

General considerations

The gas-phase geometry pre-optimizations were performed using TURBOMOLE 6.5.8 The final 

optimizations and the preparation of wave-function files were performed using the 

GAUSSIAN 09 program9 or the ADF 2013 package.10,11 The B3LYP hybrid functional and 

respectively Def2-SVP12 or TZ2P basis set were used for all these computations.13 We 

ensured that the calculated geometries are respectively minima on the potential energy 

surface by carrying out harmonic frequency calculations (zero negative eigenvalues of the 

Hessian). The Wiberg Bond Index (WBI) values given in the text as well as the Natural Bond 

Orbital analysis were obtained using the NBO 6 program.14 The Electron Localization 

Function (ELF) was computed by employing the TOPMOD package15 using wave-functions 

obtained with GAUSSIAN 09. Illustrations of the NBO orbitals and ELF were prepared with the 

MOLEKEL 4.3.16 The Energy Decomposition Analysis (EDA), the fragment orbital (FO) 

computations, as well as ETS-NOCV decomposition were calculated within the Zero Order 

Regular Approximation (ZORA) formalism at the B3LYP/TZ2P level with ADF 2013. The 

pictures of fragment orbitals (SFOs) were prepared using ADF-GUI.17 The topology of 2 

(Atoms in Molecules) based on Def2-SVP basis was calculated with AIMALL program (ver. 

13.11.04).18 Quantitatively equivalent results for the TZ2P basis were obtained with ADF 

package. 
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Natural Bond Orbital Analysis (NBO) for cation [10]+

The manganese AOs (sd2.4
 hybrid) contribute 40% of the two-center Mn–B bond (BD), while 

boron AOs (sp1.24 hybrid) account for the remaining 60%. This orbital was found in second 

order perturbation theory analysis to interact with low-populated lone vacant orbital (LV) of 

the copper atom (Eint = 145.1 kcal·mol–1). The graphic interpretation of this dative interaction 

is presented in Figure S2. As expected for a molecule with C2 symmetry, two of this kind of 

interaction could be found.

+ =

BD Mn–B (1.65) LV Cu (0.46 )

Figure S2. Interaction between the two-center bond Mn–B and the anti-bonding one-center lone 

vacant orbital of the copper atom, and their resulting three-center orbital. The numbers in brackets are 

electron occupancies of orbitals.

The second-strongest interaction (Eint = 24.4 kcal·mol–1), shown in Figure S3, comes about 

through the donation from two-center Mn–C orbital (26% of sd1.7 hybrid of manganese and 

74% of sp0.5
 of carbon) into the same lone vacant orbital of the copper atom. This interaction 

emphasizes impact of the carbonyl ligand on the stability of the cation 10+.
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+ =

BD Mn–C (1.92) LV Cu (0.46 )

Figure S3. Interaction between the manganese-carbonyl moiety and the copper atom and their 

resulting two-center orbital. The numbers in brackets are electron occupancies of orbitals. The labeling 

of the gold-centered pair as anti-bonding and manganese-centered as bonding is arbitrary in NBO 

software. As the numbers show, both have very similar population.

The back-bonding from copper to borylene moieties, shown in Figure S4, is ten-fold weaker 

(Eint = 9.7 kcal·mol–1) than the bonding of borylene to Cu+. This interaction is described by 

donation from the copper core pair (CR) into low-populated Mn–B two-center valence 

antibond (BD*).

+ =

CR Cu(2.0) BD* Mn–C (0.25 )

Figure S4. Weak back-bonding interaction between the copper atom and the antibonding Mn–B orbital 

and resulting orbital. The numbers in brackets are electron occupancies of orbitals. The labeling of the 

Mn–C pair as anti-bonding and copper-centered as core is arbitrary in NBO software.
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Electron Localization Function (ELF) Topology for cation [10]+

The ELF topology of the CuMnB rings is determined by three synaptic basins that have 

population of ~2.4 ē. Adjacent to these basins along B–Mn bonds, outside of the rings, are 

located smaller basins with populations of ~0.8 ē (see Figure S5). These sets of valence 

basis create envelopes that in form are very similar to that calculated earlier for 

[Cp(OC)2Mn(BClMe)][Au(PMe3)].

Table 1. Volumes [Bohr3] and populations of valence ELF basins in CuMnB rings. A graphical 

representation is shown in Figure S5.

Basin Volume Population

1 V(Cu,Mn1,B1) 81.10 2.42

2 V(Cu,Mn1,B1) 80.90 2.39

3 V(Mn1,B1) 20.04 0.80

4 V(Mn2,B2) 19.79 0.77

Figure S5. Location of ELF attractors (left, numeration as in table) and the iso-surface of Electron 

Localization Function in [10]+ at 0.75 iso-value (middle). For clarity only envelopes of two synaptic 

valence basins describing an interaction in the CuMnB ring are shown. The picture on the right side 

shows unpruned ELF = 0.75.
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Energy Decomposition Analysis (EDA) of [8]+–[10]+

For all three complexes the electrostatic gain is balanced by Pauli repulsion 

(EElStat vs. EPauli). Roughly 1/3rd of the constructive interaction comes from orbital interaction 

EOrb. The rest is caused by electrostatic interaction EElStat between the borylene 

[Cp(OC)2Mn=BtBu] and the coinage metal cation M+.

Table 2. Components of the interaction Energy (EInt) and Bond Dissociation (D0) [kcal·mol–1] for 

cationic compounds [8]+–[10]+. ESteric = EElStat + EPauli; EInt = ESteric + EOrb = EElStat + EPauli + 

EOrb; ESP is a single-point energy in final geometry; EOpt is an energy after geometry optimization of the 

fragment; bond dissociation energy (D0) is defined as D0 = EInt + EPrep, where preparation energy 

of a fragment (EPrep) is defined as: EPrep = ESP – EOpt. Note that two borylene fragments (e.g. 

Fragments 2) have to be considered.

[8]+

(M = Au)
[9]+

(M = Ag)
[10]+

(M = Cu)
EElStat –301.08 –181.62 –192.07
EOrb –176.53 –106.23 –125.36
EPauli 301.28 172.20 174.35
ESteric –0.20 –9.42 –17.72
EInt –176.33 –115.65 –143.08

EOrb / EInt 100% 92% 88%
EOrb / (EOrb + EElStat) 37% 37% 39%

ESP (Frag1†) = EOpt 203.01 171.72 182.44
ESP (Frag2‡) –4662.89 –4665.91 –4667.06
EOpt (Frag2) –4703.20 –4703.20 –4703.20
EPrep (Frag1) 0 0 0
EPrep (Frag2) 40.31 37.30 36.15
D0 –95.71 –41.06 –70.79

† Frag1 = M+ (M = Cu, Ag, Au)
‡ Frag2 = [(5-C5H5)(OC)2Mn=BtBu]+
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Charges [8]+–[10]+

The following tables list the charges obtained from different types of analyses.

Table 3. Charges computed for cationic compounds [8]+–[10]+ (M = Cu, Ag, Au). All results based on 
ADF calculations at B3LYP/ TZ2P(sc) level.

[8]+

(M = Au)
[9]+

(M = Ag)
[10]+

(M = Cu)
Voronoi charge
M+ 0.683 0.591 0.341
[Cp(OC)2Mn=BtBu] 0.159 0.204 0.330
Voronoi Deformation density
M+ –0.255 –0.220 –0.291
[Cp(OC)2Mn=BtBu] 0.128 0.110 0.146
Hirshfeld Charge
M+ 0.726 0.796 0.826
[Cp(OC)2Mn=BtBu] 0.137 0.102 0.087
Natural Charge
M 0.503 0.669 0.692
Mn –0.560 –0.604 –0.706
B 0.667 0.746 0.731
Mulliken Charge
M 0.058 0.294 0.028
Mn 0.489 0.396 0.490
B 0.044 0.029 0.070
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Atoms in Molecules (AiM) – Topology of 2 for cation [8]–[10]+

No bond critical point (BCP) between the coinage metal cation M+ (M = Au, Ag, Cu) and 

manganese, nor any ring critical point in 2 was found for either three-membered ring 

[BMnM]. The only localized critical points were BCPs for the bond paths BMn and BM 

(Figure S6). However the shape of valence shell charge concentration (VSCC) close to the 

boron atom closely matches that computed for [Cp(OC)2Mn(BClMe)][Au(PMe3)] (compared in 

Figure S7), and it supports the hypothesis that the interaction between borylene and coinage 

metal has three-center bond character, i.e. it comes from interaction of manganeseborylne 

moiety with coinage-metal (-Mn=B → Cu) rather than from covalent interaction B–Cu. 

Figure S6. Laplacian of electron density 2 and its topology in [10]+. The contour lines are drawn in 

the plane defined by [MnBCu]. Black lines constitute bond paths (red lines indicate negative values in 

2, blue lines indicate positive values); green dots represent bond critical points.

It is worth mentioning that despite the fact that the second order perturbation analysis in NBO 

showed a weak interaction (33.0 kcal·mol1) originating from a MnC two-center bond to the 

copper atom, no such bonding path nor respective critical point were found in the topology 

of  for cation [10]+ 
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Figure S7. Comparison of Laplacian of electron density 2 in [10]+ (left) and 

[Cp(OC)2Mn(BClMe)][Au(PMe3)] (right). The path B–Au does not end at the center of the Au atom 

(right) because computations for this element were performed with effective core potential basis 

(ECP).
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ETS-NOCV analysis of [10]+

The following figures 8 and 9 and table illustrate the fragment orbitals used for the most 
significant ETS-NOCV interaction.

Figure S8. Deformation density with the strongest interaction in [10]+.

Table 4. The SFO contributions to NOCV interaction presented in Figure S8. The fragment label 
“MnB” is used for borylene [Cp(OC)2Mn=B(tBu)].

Fragment SFO index
in [10]+

SFO index
in fragment

Label
in fragment

SFO
contribution

Cu+ 15 2 s LUMO 0.31620
MnB(1) 112 63 HOMO –0.17789
MnB(2) 668 63 HOMO –0.17722

Cu+ 19 3 s LUMO+4 0.05820
MnB(1) 113 64 LUMO 0.03557
MnB(2) 669 64 LUMO 0.03538

Cu+ 13 1 D:xy HOMO† –0.02934
MnB(2) 666 61 HOMO–2 –0.01323
MnB(1) 110 61 HOMO–2 –0.01292

† This orbital is fivefold degenerate, e.g. the numbering is HOMO–4 — HOMO.
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MnB 61 (HOMO–2) → Cu+ s (LUMO, LUMO+4)

MnB 63 (HOMO) → Cu+ s (LUMO, LUMO+4)

MnB 64 (LUMO–2) ← Cu+ 30 (LUMO) 

Figure S9. Orbitals from fragments [Cp(OC)2Mn=B(tBu)] and Cu+ representing -MnB → s*-Cu+ 

interaction and dxy Cu+ back donation.
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Comparison of ETS-NOCV results for [8]+–[10]+

The following Figure 10 illustrate first four deformations densities with the highest 

NOCV eigenvalue for cations [8]+–[10]+. Shapes of contours is similar for all three coinage 

metal complexes, however in over all the contours are smaller for [9]+.The orbital interaction 

energies match closely bond dissociation energies (D0): the strongest interaction is found for 

gold and the weakest for the silver complex. 

Figure S10. Deformation densities in [8]+–[10]+ with corresponding orbital interactions energies 

[kcal·mol–1]. The iso-value used for this graphic was set to 0.0025 a.u. The red coloration indicates 

electron density depletion, blue concentration..
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Calculated and experimental IR-spectra of [11]+ 

We have computed the structure of [11]+ using def-SV(P)/B3LYP level of theory. The 

additional hydrogen was initially placed at the position used in X-Ray refinement. The 

optimized geometry has retained this hydrogen at its original localization (Figure 11). 

Simulated, non-scaled IR-Spectrum of [11]+ is shown at Figure 12. The vibration of hydrogen 

was predicted to be at 1237.6 cm–1 with relative intensity of 4% to the highest peak in 

spectrum. The strong CO-stretches are calculated in range of 2097–1993 cm–1 as compared 

to observed in IR-spectrum from solid sample of 1980–1840 cm–1 (Figure S13). Applying 

these strong vibrations for calculation of scaling factor (0.938), moves the H-vibration to 

1160.9 cm–1. The experimental 1151.3 cm–1 band is very close to this value, however, as this 

peak is too close to the baseline noise, it cannot be unambiguous proof for presence of this 

hydrogen.

Figure S11. Computed geometry of [11]+. 
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Figure S12. IR spectrum of [11]+. The metal-bond-H vibration at 1237.6 cm–1 is marked with arrow 

(relative intensity ~4%).

Figure S13. Experimental solid IR spectrum of [11]+. 
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