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1.1. #S
TCHELLTOERIT, EVCt o TRVEATH Y, T/, LB ETH
T3, 207D, RKAP TR BEICHEL T3 ERITT %, MHFREZ
DIRTCINSZETH LT VETICEMRT 2 L PEETH - 7201, NI, 20
HACHIHELURIRE £ T, N — N — Ry v 2iE L LTHIb N 3SR T L KED
FHMIEGEAET CRIGEE DL LICE o TCT VESTEHTHEE, ey — .
Ry vaiFickoTEoNET vE=ZTIE, IBESPEREHLLAYOREL L
TIhL{fEbn Tk, Bl A\OHAKCHFoEIEICKE (b Tnd, N —
Ne e Ry v aiFld, BEEETCTVYEZTEERLTCWE D, 4 DITH
LMF—ZHEL TV EEbN T2, ERICIK, ZZF T pr L F—HED
%, L SN TV 201k ALEBE D HIKE ZKERSWEETHKL 72
%, BRELKEZMNEIETNDEZ L THD (Figure 1-1), ZOBEEETED S
oD, N—=N— Ry v aikid, KED CO2HAEIR, LD HLF 24
HThHbreEDLDNTWE, 2OL) AL L, N— =Ky v aKicflbs
Wil 7 vE=ZTARDOITENRKD T 523,

NiO
500 - 1100 °C

CH, + 2H,0 >~ CO, + 4H;

Fe304IK201A|203
N2 + 3H2 > 2N H3
100 - 200 atm, 300 - 500 °C

Figure 1-1. Steam reforming method (top) and Haber-Bosch process (bottom).

ANFIREE W FEZHOTEHELS 2o EZINEL T, = ARoEY) %
whicmzZ 3o, HEEZEEL TV Z0TH B, Zhid~ AR OEYICIZR
Bl & oo EREEMEILEL CTEY, INBREER N 2T VE=TICE
Wad sz T Ml ERZMHT 200 CTh 2, EEFREEME = b
oy r—tenwIBERERL, £ OEEFLTH B FeMo-cofactor & M (X 5 5B
MTN ZHEREECT VE=TICABL T3P, ¥/ Zo=turr—+



Ik, ZOWEMHLORICHEET 2 ) 7T v HRANF U T LICEED o 72
FeV-cofactor!®), % L C.BRICE & f2 - 7= FeFe-cofactor!123%1 & LT \» 5, FeMo-,
FeV-cofactor D& ld, 3 TICIRE XN T3 A3, FeFe-cofactor 13 ¥ 728 5 521
72 o TWin\y, FeMo-cofactor 23 & Z DG CTED K S ICERZT VE=TICE
ol T2 IEHL 2T o TW WA, T4, FeV-cofactor D HA fE AR D i 23
o227 Y Bkttt 7 7 2 2 —[EDE TRIGHHEITL T3 Z &35 2
& 75T\ 5 (Figure 1-2)8],

o)
S ]
S’ Fe—S o CH,CO0
NS AN/
AN / ~
S—Fe—S. FeNSBFe\}S—Mo‘O CH,CH,COO

/F

Figure 1-2. The structures of FeMo-cofactor (top) and FeV-cofactor (bottom).

BHE, EFATAPLT VEZT ZAKT 20581, ~—"— Ky v aiEold
RO SR, EXALFER. 21k, MMEENZEREE, = e s> —¥DOih
HEHLESZIC L -2ERERIC L 2EREE R ELIKICDZ 5, BT,
Hosono © %3, kD {4 v I1Z Ru/LaH;.0.0« Al C 260°C T EIHR R T v &
ZTABICEIILTEY, BoETld, BE®E%Zfb7%\» LaN / Ni itz T
I ETT VEST OEKICH I L T B0 ESUL A R ER D T2 0
DT vEZTERIT, 1960 FEREF2 S S N T x 225, i RELRLY
77 vE=TEHEREBWT, KERT O CORITIE pH ICIKEE L. BRI
TCNH; BL O NHSZEKT 5, F72, HEMSFHT TR NG AELNE, 7
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v b VIRIEK, 203, KFEEGBCRILT 2 L TRONG, TVYE=ZT 2E
JRT 2 7-DEFESTDREICIE, KEDTZERT 2 L0 b ETAICER 7228,
Kz 7w b viEe LCHIET 2 i3l o oB kg s uElcd 5151, Ly
L. E2F 0T O LEITTOM T 23 EEmAYIC FHE X v, FEICTHR A 70 KK
JG& 75, £/ BRIV VRITE VY DOER D KEDFOEK LD S ESIEH
CHE L RV, SHESET 5720, T vE=T7 OBELLFEEHICHE L 7- i
DFFE. RO REL DTN TV 52, Miton & 1347 — K v EMOKMEIC =

07> —¥ERTHS MoFe X VX7 BE#REFEL., AT 4T —X&LTaNn

FevEMEHALTTY F (N3 7230 EEBE NOY) 26T VEZT DA
I L 7213, Kim b3, wRIEEERE (LICI-KCI-CsCl) ZHWwT N, & H0
5 327 °CTT VE=ZT RHEK LR, &2 v 78 %2 EICEE S 5751,
B W7 7 9 7 =BT vEa= T 2ERT 35, TEMICEIRMETH
D ERHNTHZITHE I ICX VN IEDRGRT L, GBS LETH S
Lol Z ML o TWwd, —J7, INREEMRECIIKZH L & 2
IKBRDFEET D, N BILOERME, VIREZLEL T 2L 0ok BT
5N B2,

KA T vE=T OEROMIED ST\ b, 1977 4£1C, Schrauzer &
Guth ¥, BEESEZ F—7 L5 2 vk Z2 kil L <, UV £/
FHENT, KEERDTORFEKISICEIY, TVvE=T, b7V Vv, BX
VCEZRDOREV EERT 5 2 L 2HE L 2R, 2 nllilk, BEEELLEYE -
B Mg LCERL T, EF0 72T VvE=TEkiZe F 7
VICHALFEINITEITT T AL O HE IR T EBRRA L LT vE=
T ek F 7Yy oIEIFKWER,

1.2. ZREBHE

FeMo-cofactor ’EHEZ D2 T VEZTICEBML TWwWA I b, ZoRE®
SHEIC, KA RERIEEBPER I N TE D2, 1960 FRUCH D TEREEKRLE
A& NTLUE, 2003 £E1C1% Schrock & 25E Y 7'F ViK% v 7= fililiey 7 v £
=T OEBITHEIN LY 2006 4FiC Peters & 23 8k$E A% FH vl 2013 Ficit
Nishibayashi 51 X > T7' v b V& LTKEROZMERN T vE=T7 DERKIC
RCED LT v 30



iPr

Q”“ipr N
i Bu,
ipr? P ‘\ /‘”NLPtBuz ;//N

N o S L = X

, N=N__ /
N N N iPr Sl \\P/I Mo \<
H|pT_N.Mo tBu, ||
| \) (HIPT) N
QI/“N N tBu2

R. R. Schrock et al., Science 2003, 301, 76. J. C. Peters et al., J. Am. Chem. Soc. 2016, 138, 4243. Y. Nishibayashi et al., Nature 2019, 568, 536
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Figure 1-3. Examples of reducing dinitrogen by complexes.

ERIEHRIIBE, B3 AL OEBREEZMHEMNL TARINTW 2I2B Z2oi#E
RO R ER ST ORMARSRE SN TH Y, FICEFRSHT2° end-on £ —
N CHRUAL L 7 L £ 72 13 R 0 B R A i S TH Y | side-on € — P end-
on/side-on € — FOEEM 72 &b s TN T3, End-on £— F 2 H T % EHHH
iz, xRSO ER2H O, &EA A VD d HLUEDL D Ny D*HiE~Dr N v
J P A3 —vavIicXVEELTWwa (Figure 1-5), EREARDO Ny 7 Fx— 3
vOREIR, COMAEERICEES T 2EL WML RS d oz r ¥ —
KB TELT %, —%IC, 2D XNy 7 F A —v a vid, JRliaMK <,
BRI IEDOEE (Zr, HE, Ta7z ) THRAICR Y, HEESAICE D
%J& (Fe. Ru. Co. Rh, NiZx &) TlRO/NI kS, —F. sideeon E— F%H
T EERBERTIE. T HLEDRS, gL T AT VORIDOANY 7 P A= avick?
AR L FERIC, dBUELHAFEHL Tw5, BITED & 25, EHRIT2° side-
on E— FTHUNLL 72 LE L - RO BR/IEEROHNL 23, % KD ERE
Rcunin?E— F2BIE I TS (Figure 1-4)1213,



End-on Side-on End-on
Side-on
N
Mononuclear M-=—N=N M = llu
_ N
M=N=N—-M | || -=p N
N N /\
N m* M
, M—N=N—M | m || >m \
Dinuclear N N%/ \
PN
N M M
M—N—N—/M N
— - M= \\M

Figure 1-4. General bonding modes of dinitrogen in mononuclear and dinuclear transition

metal dinitrogen complexes

Figure 1-5. Schematics of molecular orbital interactions of mononuclear end-on-bound

transition metal-dinitrogen complex.

HERIGARITERFEFHOSEBEZHCTERKINSE Z AL, @ iliEbEinz
Fio b 0 bRl D@ A DT v BRI AR F Al DB 8 2 v 5 & |
KV EWENTORITTHAMLELCRY), TANVF 2L HET 5, 207D, K
D =Rl O®EE W CERERZ G L, XY IEEMCHACMERICT v €
=T AT LRRETH D,



1.3. ~NFVvLAERER

NFOY AEFHWEEZERICOWTIE, EEBETHEOEERLE LT
FeV-cofactor ZHI LN T W3 Z & bikA B, FEZH W THERINTE =z, %
D% < » end-on E— F CMZOEREARZIZKL TH Y. end-on E— F THEL
DHERBEHROHNL 4 TR L ZRADOHIZFRE, 2 D L2k, 20 5 b Hifh
ft X AR SR AT CREE 2SI & 22178 o TV B D1 1992 £E1C Rehder & 234
X L 7= trans-[(dppe)2(N2)2V][Na(THF)]" (dppe = PhoaPCHCH2PPhy) @D A& T % 1141,
3 9 —21% Schrock &AL 72 HE D ANF V0 LEREER [(HIPTN))VN,)]
[K]" (HIPT = 3,5-(2,4,6-(iPr3)CsH2)CsH3) TH b, AKFEED K & WE ik % o
FUTIFNT IVESNITERGWS Z & T EI VT3, Schrock & 1XALHT
ZROKRIGHEDHEL 2B T vE=T3b T LB & N7kd -7 (Figure
1-6)11,

B iPr, ° B
u
§3,.nipr /\ 0 \ _tBu
iPr % iPr/,,. tBu\P /N \ /P
iPr Y
wor, (Do e M.T”Z’P@B

R 0]
HIPT—N=Y N it | MBu F
om0 o Bu Bu gy

R. R. Schrock et al., Science 2006, 45, 9197. Y. Nishibayashi et al., Angew. Chem. Int. Ed. 2018, 57, 9064.

Figure 1-6. Examples of vanadium complexes

—J. ZRONF Uy LEFEEEROHIEL . 2O A DAL TH HUBI
%l Z 11X 1997 £E1T Floriani & X, N F LV LK T A ) BEEKIGEE S C
LICEoTTAR ) RIEALFVYHBHEFHL T2 EHRHEREZHMEL T 5,
NF V7 LEER (Mes)sV (Mes =2,4,6-(CH3)CeHz) ICZEFRFEFH AT T AlPh; % )G
XL LITL 5T [(Mes)sVh(u-No) 23ERKT 2 2 & 2t L2, 72, &
J&Na & diglyme (P TFL v 7V a =AY RXAFALIT—T)IL) ZRIGEHDE LI
LoT, Na A A VYDRERSTFEMEMEML T3 [{[((Mes);V]2(u-N2)}Na]”
[[Na(diglyme)]" %, 72 THF FCHELC XS ICKIEEE B 2 LIc K> T, EEY
T & Na A4 Y PEEMALFEHL 2 [[(Mes)sV]2(u-N2)J* [[Na(diglyme)]']e %
B L, AV V7 L EDKIGTIE diglyme 1 TIiE [[(Mes);V]a(u-N2)]
[K(digly);]” %Z. THF H1CiZ [[(Mes)sV]L(u-No)[K(digly)]2] Z A TE 5 Z L %3



#H L CTw 3071, Gammbarrta 5 13 [(CHsTP)V]o(u-N2) (CH3TP = [2,5-{2-
((CsHs)2C)pyrrole]o(N-CHs-pyrrole)*) ZAM L, T#% KCss THEILT S5 T L IC

Lo TCN=ENDHAELTERLAZ=FY FEIATH % [(CHTP)V](u-N) % &K
L 72191, Cloke & & Befii 7 CH % [((CH3)3Si)N(CH2CH2N(Si(CH3)3)2]([NNN]) % H
W {[NNNJV(u-Ch}r ZEK L. ChxEILT S LiIckoT=1F Y FEEK
{INNNIV(u-N)}» ZEL 7z, D IXEFED T2 side-on THELL 72 B DEFR
A RERE LT 2Ry I aLb—v g vIiTX o> TR L7 (Figure 1-7)1)

Mes

[K(digly),I* dZKI | M (Mes);V N=—N—V(Mes)
igly); igly es)3V—N—N— es);

o | - / \THF Toluene

(Mes);V—N=—=N—V(Mes); ]
2Na
|g|y
2[Na(digly),]*
d'g'y THF

Na [(Mes)3V N==N— V(Mes); |’

- - digly

o]
N 3 [Na(digly)]*

) - Mes = 2,4,6-(CH;);C¢H,
\—/ digly = diglyme

C. Floriani et al., J. Am. Chem. Soc. 1997 119 10104.

2KCgg

S. Gambarotta et al., Inorg. Chem. 2007, 46, 8836-8842..

Figure 1-7. Examples of reaction of vanadium complexes



A\ Si(CHj3);
a
N

(Hac)ssi/N>\|I:|N _
mopsi” | i SiCHs
N_V;‘,y/Si(CHa)s
(/\N/sucm)a N, t!l \
F| 2KCg (H3C)sSi N
(Hacygs./N">v\ \
Ve 2 Si(CH
(H3C)3Si Cl 2 \ A i(CHy)3
3C)s K \( T/
(HLC)sSi— NV =N _
(HyC)sSi | | s
N—\|/<N:‘/Si(cp|3)3
N
HC)si™ 7

F.G.N. Cloke, et al., J. Am. Chem. Soc. 1999, 121, 10444—-10445..

Figure 1-7. Examples of reaction of vanadium complexes (continued)

NFYYLF= Y VIERETERT 20535 5 2 Lo bERD T OEITICHE
L7-&JE & S 2 %75, Nishibahyashi & 235F 27 L HREEA % F s 72 il i) 75
TYESTOEEAREZHRET 2 E TR, T YT OEKILERERICIC
L EE o T8 (Figure 1-6), % DJRKIC D W TR £ 2RI 25% 23,
ZRDT O, HEOEN, N FTVTLAFVOEB R EREZ LN, Th
SEANFY T LAY T L AEITHIE LTEICT L E o T3 afREEZ R
LCwpIBBI 20 NF Uy LABREEREZHNTT VvEZTZHKT 5
& ZATIRACEITC G O FlfE & Bz F D Bl % B < 72 9 SARR 7 filfEl 23 B & 2
Abid,

14. 70 LLHEEE

TY TT VN F VY LEHGIZE R, FeMo-cofactor % FeV-cofactor &
Wol=tu s F—¥OiEER LOFERTFHEZED, £ HEIN T 5205,
— TRV TTVERETHY, NF YV LDOEDOITLETH L/ n kW
ZREEROMEN I D722, 7 v AEFRIERIT, Z20lg e A EPMRE 7T
BEINTEY, ZNTTHREIN TV IEF T2 A CTEK I Nz EHRIEHE
DixmftEiL, 3 fliThsd, £/, 7 LEBRERICL LT vE=ZTAHMIL,
YU MEERHL T2 2034 <, EENZMENT vE=TE&RZRATH,
I T vE =T BRER LR E W 20D B 5EY, Mock & 1 trans-
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[Cr(N2)2(PPUNBY) 2 AL, 2T, CrA A v H72YD, 17.1eq D> Y
EZRBLET vE=TOEKICHEIN L 72RY, ¥ 72, Zhang 5 lx. (CpPPP)CrCl
FERL, TREHCT, CrAAvH720, 171eqd VM LERALEZT v
T T DEKICEKII L 72 (Figure 1-8), 7 v Lt ERS T OMEMEALICE AR
JEEEZONT VSR, FRCcER 27 v L2 X o> TARE W= EHERDH
ZZNFETICRL, 70 LAERBEROH =2 KD b T a0,

M. T. Mock et al., J. Am. Chem. Soc. 2018, 140, 2528-2536. W. X. Zhang, et al., J. Am. Chem. Soc. 2019, 141, 4241-4247.

Figure 1-8. Examples of chromium complexes

1.5, FFwiCoWT

KTk, TFVHE1EE LT, EXRN T2 AHMRERLAMICE T2 C
LOBEYEE L UERERICEAT IMEOTRICOVWT, ZoMEEHF L L
TEeD, F2HETRMNITIFNT IV TFERACEZE ATV Y LER
FEARDHIEICOWTORREL E LD, COFE2HTII=TFHED R 3 &
EENZENLDO VT IFT IVENFERWT, NF Yy AEREEERE SR
HEEZ T\, BEE X S REERITIC X o T, T OBEBERS TEDL D
TN F YT LERIERTH L L I T EHLPIC L, 2. TNH DS
Uy LERERICH L BB RICEI LI LICX o TVYEZT DA
REMER L 72, BIETR ATV Y AEREROBILETCEEICOWTE
K AN F VY LEBRIBERICT AR ) RRBERIGEE, TAA VBEA AV 2N
MIRTNF Y LEREEOEREMEICOVWTORIREEZ T LD, & 4 E
TIE MY 7 IFT I VBN FOERED b OV E OREIC O W TIFRICD
WCHTI 2 BAIRB R ONTZDT, ZOFRICOVWTE LD, H 5 BETEEA
Tl 7 v L EREARDOHRICOVTINETICAVAIRZES 2 X TE -,
ZORRICOVWTHME T LD, FOEIF, RTCOHEICODVTOTE LD L, K
IR DOERICOWTIRN, KEERIEL 72,



1.6.
(1]

[6]
[7]
(8]

(]
[10]

[18]

S 3CHk

(a)Johnson, B.; Goldblatt, C. Earth Sci. Rev. 2015, 148, 150—173. (b) Gruber, N. and Galloway, J.N. Nature
2008, 451, 293-296. (c) Galloway, J.N.; Townsend, A.R.; Erisman, J.W. et al. Science 2008, 320, 889-892.
(a)Mittasch, A. Geschichte der Ammoniaksynthese. Weinheim: Verlag Chemie.1951. (b) Jennings, J.R. (ed.)
Catalytic Ammonia Synthesis: Fundamentals and Practice. New York: Plenum Press, 1991. (c) Nielsen, A. (ed.)
Ammonia: Catalysis and Manufacture. Berlin: Springer-Verlag, 1995.

George W. Crabtree, Mildred S. Dresselhaus, and Michelle V. Buchanan, The Hydrogen Economy, Physics
Today, December, 2004.

Smith, B.E., Richards, R.L., and Newton, W.E. (eds.) Catalysts for Nitrogen Fixation: Nitrogenases, Relevant
Chemical Models and Commercial Processes, Nitrogen Fixation: Origins, Applications, and Research Progress,
vol. 1. Dordrecht: Kluwer Academic Publishers 2004. (b) Ribbe, M.W. (ed.) Nitrogen Fixation: Methods and
Protocols, Methods in Molecular Biology, vol. 766. New York: Humana Press 2011.

Spatzal, T.; Aksoyoglu, M.; Zhang, L.; L A Andrade, S.; Schleicher, E.; Weber, S.; C Rees, D.; Einsle, O. Science
2011, 334, 940.

Sippel. D.; Einsle. O. P. Nat. Chem. Biol. 2017, 13, 956.

Hinnemann, B.; K. Nerskov, J.; Phys. Chem. Chem. Phys., 2004, 6, 843-853.

Sippel, D.; Rohde, M.; Netzer, J.; Trncik, C.; Gies, J.; Grunau, K.; Djurdjevic, I.; Decamps, L.; L. A. Andrade,
S.; O.; Einsle, Science 2018, 359, 1484-1489.

V. Yandulov, D.; R. Schrock, R.; Science, 2003, 301, 76-8.

Rittle, J.; Peters, J.C.J. Am. Chem. Soc. 2016, 138, 4243-4248.

Yuya, A.; Kazuya, A.; Kazunari, N.; Yoshiaki, N. Nature, 2019, 568, 536-540.

Nishibayashi Y., editor. Transition Metal-Dinitrogen Complexes. 1st ed. Wiley-VCH Verlag GmbH & Co.
KGaA; Weinheim, Germany: 2019.

Nishibayashi Y., editor. Nitrogen Fixation. 1% ed. Springer Nature; Gewerbestrasse, Switzerland: 2017.
(a)Rehder, D.; Woitha, C.; Priebsch, W.; Gailus, H. J. Chem. Soc. Chem. Commun. 1992, 28, 364— 365.
(b)Woitha, C.; Rehder, D. Angew. Chem. Int. Ed. Engl. 1990, 29, 1438—1440.

Smythe, N.C.; Schrock, R.R.; Miiller, P.; Weare, W.W. Inorg. Chem. 2006, 45, 9197-9205.

Sekiguchi, Y.; Arashiba, K.; Tanaka, H.; Eizawa, A.; Nakajima, K.; Yoshizawa, K.; Nishibayashi, Y. Angew.
Chem. Int. Ed. 2018, 57, 9064—-9068.

(a) Ferguson, R.; Solari, E.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. Angew. Chem. Int. Ed. Engl. 1993, 32,
396-397. (b)Ferguson R,; Solari E,; Floriani C,; Osella D,; Ravera M,; Re N,; Chiesi-Villa A,; Rizzoli C J. Am.
Chem. Soc. 1997 119 10104.

Nishibayashi, Y.; Tanabe, Y. Coord. Chem. Rev. 2019, 381, 135-150.
10



[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

Vidyaratne, 1.; Crewdson, P.; Lefebvre, E.; Gambarotta, S. Inorg. Chem. 2007, 46, 8836—8842.

Clentsmith, G.K.B.; Bates, V.M.E.; Hitchcock, P.B.; Cloke, F.G.N. J. Am. Chem. Soc. 1999, 121, 10444—-10445.
A.J. Kendall, S. I. Johnson, R. M. Bullock, M. T. Mock, J. Am. Chem. Soc. 2018, 140, 2528-2536.

J.Yin, J. Li, G. X. Wang, Z. B. Yin, W. X. Zhang, Z. Xi, J. Am. Chem. Soc.2019, 141, 4241-4247.

J. Kendall, A.; T. Mock, M. 2020, 2020, 1358-1375.

Milton, R. D.; Abdellaoui, S.; Khadka, N.; Dean, D. R.; Leech, D.; Seefeldt, L. C.; Minteer, S. D. Energy Environ.
Sci. 2016, 9, 2550 —2554.

Kim, K.; Yoo, C.-Y.; Kim, J.-N.; Yoon, H. C.; Han, J.-I. Korean J. Chem. Eng. 2016, 33, 1777 —1780.

(a) Qing, G.; Ghazfar, R.; T. Jackowski, S.; Habibzadeh, F. Maleka Ashtiani, M. Chen, C.-Pin.; R. Smith III, M.;
W. Hamann T. Chemical Reviews 2020 120, 5437-5516. (b) Guo, X.; Du, H.; Qua, F. Lib, J. J. Mater. Chem. A,
2019, 7,3531-3543. (c) Hyun Moon, Y.; Yun Kim, N.; Min Kim, S.; Jeong Jang, Y. Catalysts 2022, 12, 1015.
Schrauzer, G.N.; Guth, T.D. J. Am. Chem. Soc. 1977, 99, 7189-7193.

(a) Huang, R.; Li, X.; Gao, W.; Zhang, X. Liang S. Luo, M. RSC Adv. 2021, 11, 14844-14861. (b) Choel, S.;
Min Kim, S.; Leel, Y.; Seok, J.; Jung, J.; Sung Lee, J.; Jeong Jang, Y. Nano Convergence 2021, 8. (c) Xue, X.;
Chen, R.; Yan, C.; Zhao, P.; Yi Hu, Zhang, W.; Yang, S.; Jin, Z. Nano Research 2019, 12, 1229-1249.

(a) Ye, T.-N.; Park, S.-W.; Lu, Y.; Li, J. Sasase, M. Kitano, M.; Tada, T.; Hosono, H. Nature 2020, 583, 391-395.
(b) K. Ooya, J. Li, K. Fukui, S. limura, T. Nakao, K. Ogasawara, M. Sasase, H. Abe, Y. Niwa, M. Kitano, H.

Hosono, Adv. Energy Mater. 2020, 11,2003723.

11



-2 E-
FYTIRT I VENFER NS YT LEREEDO AR

21. &8

EREREIERIC X 2 ER S TFOEELOMILIE, = rF—XrET L
L CALFECHEBILYEIC X o TiTb LT 2 720, Shilov & 23, Mg(OH), IC{H
FF& 7z V(OH), N2 REE Z I RMNCHEET 5 2 & 2R R L CLUREe o3
VU LEFRERICE T 2 U ILRERNICHEIN L T3 Y B Cloke. Gambarotta, ¥
X OF Kawaguchi D 7 v — 7%, EERN 7 N-N#EEGUIBHIC X 2 &N F 27 4
EAWEER D ERICHE L T W3 B4S £ 72 Floriani &, 7 h V&EA A
VHREESTIMEERLZANNF Y Y LEFREE (([(Mes):V(u-
No)V(Mes)3] [K(digly)s]™} «  [{K(digly)s(u-Mes)2(Mes)V}a(u-N2)] « {[(Mes);V(u-
N2)V(Mes)s]* [Na(digly)2] 2} {[(Mes)sV(u-N2)(u-Na)V(Mes)s] [Na(digly)2] "} (Mes =
2,4,6-MesCHa. digly= Y TFL v 27 ) a— LY X F LT —F L)) DEKICHKY)
L72s ¥51C, Schrock i, FPU T I FT I VENTZHWTANF VY LFEAE
{[(HIPTNCH2CH,);N]VN2}"¥F X O[(HIPTNCH>CH,);N]V=NH (HIPT = 3,5- (2.,4,6-i-
Pr;CeH,):CeHz = ~F ¥4 V Fu 77 =) ZHKL. b DEEED
OTVEZT L NIV VYRERT S L 2ME L LB, FiF Tk
Nishibayashi 55D 7' v — 75, NF Vv LEREEEZH MR T v 2=T5&
I L. % DFfll 2 Hs LT 580,

NF Uy LFERBEEREZR O OIS (FeV-cofactor) THfEHLNTW S X 9
i, BEREEICEARESETHLIEEZLNTWEB, I/ LB THENZES
SHREEICN L, HikeEP 0. BER LD DRV TH 2 A[pEE2H 5 & F
ZAONTWD, SIRITHZR LKL TX D NN HEE&oEH L2 {EEd 2 &
THRI NG BB ZANF Oy AERBEROERS T2 7a b vtz LT
EDLICT VEZTHERT 20 ZHL 2T o T WENeT -z oy k5 7x
D ORE, AN F Yy ZERNERO T e P ARG ETIR S Z LT Lz,

FUT7IFT7 I VESLT [(RNCHCH2)sNP IE mnF L — MR Z S D078,
SESEAR O IR D BN T D 1 2 TH 5, Z DRSO B 7R FFiL.
IFIFEREWE L RIGOT I PERFETFICMMTE2 2L THB, EE 20
BeAL T2 W% ok HE S T3P, Schrock i3, U7 IF
T IVEMNFERAWEZEY 77 vEREER [Mo(N2)((HIPT)NCH.CH:):N)| % fifi
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MLT. EFRnFrMmcTy ve=Tic2fis s Licfsh LM, 7, C
AUICBEHE L T Schrock & Scheer X, FUT7 I FT I VNI F2Fo% v 7 &
T VEREHRICOVTOIE L T a U, ZECld, Liddle 2%, TrenTMS
(TrenTMS = N(CH2CHaNSiMes)s) % FV 72 F 2 v EREEREZEH L T, €FE2 5
T VEZT ~OMBEHNRITCSIGIC O WTHIE L Twa, LaL, hodEs
A0 RN NN oY VA S SRVl 1 N R 1 4 1 D= il s ARG

FUTINT I VRO OBIEEL, P AT YNANER tert-T T v
CRAFALVIANE B LD IEm L DICT R L, NFUOT LK =ZRT I v
N JRF AL L 72020 & O DALE I fth D ECHL F 0 AL 2 D% W 5 & L 23
WM I NT 00 Z I EDE AT ZREEDR ) A F v U AHER fert-
TIFNTAFNALIYNFIT ERELS R VEREEZT I P NJEFRICEAL, H
BE&EY A4 PEAES ZERRMN T EN L CORUEEZ RS 2 L2 E %
2o PUTIFTIVEATOT I F NFEFICAFARED XS iz H 3
256, @A A VY ORENRBD T L [REES E . E Az, K RiE
HEBAT B L, GREEROIEREZH T2 08EZLNE, ZDo, Flily
AXDBERIEZBEANT 52 LT, “KIERDOIEK & LIE 7 BHR RO DM
HaWFE L7z, 2NbOMIgICH ST, AFLVvELZT I F NFEFIcHS b
V7 IFNT IV F2AKLZ, COETIE, AFLVYEEETLZIITILF
7 I VELLTFE AW RO N U Y LERERO A & RHEF, B X
NN DEZRRZFHEH L 72 NH; DERKICOWTihR 3,

22, MRLEE
22.1. NFVY LEREEROEK

VCLTHF; & F V7 3 F7 3 R+ ([LRP (R = iBu, EtBu, iPr;Bn)) ZZEHE5
AT CRIEE®2 Z EICL o TAF YT LEREER (VIR 2(u-N2)] R =
iBu (1), EtBu (2), iPr2Bn (3))) % &K L 7z (Scheme 2-1)1!314],
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R RR\N
3 eq. n-BuLi (»rir N I’>
Né/\N/R VCI;THF, NN ___\V_N
H 3 under N, < k//N\ Lj

R= %Y ﬁ’""\(\ %\QiPr
P
iBu (1) EtBu (2) iPraBn (3)

Scheme 2-1. Syntheses of vanadium complexes 1 —3

INL DKL -3 13, BERFHAT To-~F v E71E ELO 225 FAEMT
T IRVWEA DY naak LCENENHEEL 72, ZNZ DR ITERFHKAT
TIELETHEL, ZRHPTIERBICIREICR Y | RSN L 72, Bl X
FRAG M HREREIT IC X 0 . 2 N Z OSSR DED ., G —EHA 2 FF> %

DANFTY LEERTH L EZHLICL 72,

222, #1-3 oEREE

AL - 30FEREEEIX, 220D N F VY L4 A VICENT N[LRPAENL L T
BV, end-on TEENSTFVZUMEENALL Tz, K1 -3DF T L4 F VEY
DOHHEIX, ZNE N HEEGE (t=1) TH O, PV T IFT I VMO
3007 I FEMIASFHEALIC, =87 3 UNET & ZEHBmA T2 HhAL I Bz L
T\ /= (Figure 2-1); Z NZNDFERF T A —2 L AR LEGAL X
7% Table 2-1F L U221 L 72,
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Table 2-1. Experimental data for X-ray diffraction studies on crystalline complexes 1 —

3
compound 1 2 3
formula CisH39NsV CasHi02N10V2 | CasHeoN4V
formula weight 376.48 921.27 730.99
crystal system Monoclinic trigonal triclinic
space group P2i/n R-3 P-1
a[A] 10.9679(14) 18.0534(7) 12.1283(5)
b[A] 12.1913(15) 18.0534(7) 13.8478(5)
c[A] 16.271(2) 13.8968(5) 13.8875(5)
o] 90 90 70.5010(10)
L] 100.939(5) 90 87.219(2)
7] 90 130 74.221(2)
V [A] 2136.2(5) 3922.5(3) 2113.49(14)
Z 4 3 2
temp [K] 100 93 93
A [A] 0.71073 0.71073 0.71073
peale [g cm™] 1.171 1.170 1.149
u [mm™] 0.474 0.399 0.271
No. of reflections 14103 9902 14473
No. of independent reflections 3771 1790 7265
[R(int)] (0.0760) (0.0471) (0.0356)
No. of parameters 223 93 553
Ri(I>20(1)) 0.0448 0.0352 0.0622
wR>(all data) 0.0976 0.0802 0.1556
Goodness-of-fit on F” 1.028 1.042 1.029
Largest diff. peak/hole [e A~] 0.786/-0.416 | 0.265/-0.292 | 0.871/-0.832

[a] Ri = X|[Fo| - |F|| / Z|Fo| for Fo > 26(Fo). [b] wR2 = [Ew(Fo?-F2)%/Zw(Fo?)?]"2.
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(c)
Figure 2-1. X-ray structures of 1 (a), 2 (b), and 3 (c) with the atom numbering scheme

(50% probability thermal ellipsoids). For (a) and (c), the atoms with and without a prime
are related by a center of symmetry with respect to each other. For (b), the atoms with
superscripts, i—v are related to the atoms without them by symmetry operations (1/3 + x
-y, 13+x,23-2),(1-y,x—-y,2),(43—-x,2/3-y,23-2),(1/3+y,2/3—-x+Y,
2/3 —z),and (1 —x +vy, 1 —x, z), respectively.

AL -3DV—NIC BT 2GR I131281.774(2). 27231.768(2). 3231.779(2) AT
Holz. TNHLOREERIT, WEICHE IN TV ZHFMHESE 2 Fo Ko
FV T LERBRICE T AV—NOFEAEER (1756 — 1.777 A) L% HEEATH
22 & &R LT BlBegknd - gEK] — 3ON—NICE T 3HEAEEIZ. 2hZ 1
1.203(4). 2231.221(4)s 32312005 ATH o7z, TNLDFEARIX, 7 ) —DEHR
ATFOfAERE (1.098 A) XY KiFICHEL WM, oz b, EFST0
LI N TWE Z LR LTWE, BEICIREINTHSH] N—N: 1.212 -
1280A) L IKT 2 & 2ON-NFEARIGEVETH 57223, 123 TIiED T HIC
FEWETH o 7zBodteinl §K1 -3DV---VIC BT 2 HEREIL, 2 12 112034.750(1),
27534.756(1), 37354.758(1) ATH - 7z, THIFEREDOTIEKEEICL ) bEhIcE
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SR BTERRBLTWS, Al - 3ICB T 2 2 NEFNDFEEV—_Numafi A E
1Z. 1251909, 1.910, 1.914ATH o7, TNLDfHIZ, BRICHWE TN TS b
U7 IFT7 IVl 2FEONNF YT LAADEER E T 2 LF L o Tz
([HIPTN3N]V(THF) (1.9536 A (av))BM . [HIPTN3N]V(NH3) (1.9550 A (av))Bh,
[(C6FsNCH2CH,)sNJV(THF) (1.9573 A (av))! . [(CeFsNCH2CH2);N]V(CH3CN)
(1.9413) AP, F 72, VAV). V(V)EHEIC BT 5 P V—Namiaofti o1 % & HEL S
2 L Wi T ® o % ([(MesSiNCHCH2)sNJVCL  (1.883(6) A=l |
[(Me3SiNCH,CH,)sN]JV=NH (1.921 A (av))®¢, [(CH3NCH>CH2);N]V=0 (1.895(3)
AP, L2 L., AL DOV—Numine i 31T 2HEA R, 20 Z112032.163(2). 228
2.171(2)s 3232.1553) ATH H |, BEICHRE I N TV EEELIEWETH - 72,
([HIPTNsN]V(THF) (2.1627(18) A)BM [ [HIPTN3N]V(NH3) (2.1486(7) A)BH |
[(C6FsNCH>CH,);sN]V(THF) (2.132(3) A)P, [(CsFsNCH2CH2);N]V(CH3CN) (2.149(5)
AP, ZNLDEIFZ N T I FT 2 VEN T2 OFEMO T 2 R 53
FOTLAFVICHELBIHE L TR L EZRBLTWS, LERE->TIOD
G NEFIER LR T 2D ICHFELTwbdEEZLNRS,

Table 2-2. Selected bond lengths (A) and angles (deg) for 1 — 3

Complex 1
VI-N2 1.774(2) VI-N3 1.913(2) V1-N4 1.904(2)
VI-NS5 1.909(2) VI-N6 2.163(2) N2—-N2' 1.203(4)
VI---VI'  4.750(1)
N2-V1-N3  99.31(9) N2-V1-N4  99.33(9) N2-VI1-N5 101.21(9)

N2-VI-N6 179.04(9) N3-VI-N4 117.2009)  N3-VI-N5 116.76(9)
N3-VI-N6 80.16(8)  N4-VI-N5 117.27(9)  N4-VI-N6 80.24(8)
N5-VI-N6  79.75(8)  VI-N2-N2' 178.59(26)

Complex 2
V1-N2 1.768(2) V1-N3 1.910(1) V1-N4 2.171(2)
N2-N2iit 1.221(4) V1---V1'  4.756(1)
N2-VI-N3  99.95(4) N2-V1-N3i  99.95(4) N2-V1-N3¥  99.95(4)
N2-VI-N4 180 N3-VI-N3i  117.08(2) N3-VI-N3¥ 117.08(2)

N3-V1-N4 80.05(4)  N3i-VI-N3" 117.08(2) N3i-VI1-N4 80.05(4)
N3'-VI-N4 80.05(4)  VI-N2-N2ii 180
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Complex 3
V1-N2 1.779(2) V1-N3 1.914(3) V1-N4 1.914(2)
V1-N5 1.914(3) V1-N6 2.155(3) N2-N2' 1.200(5)
VI-VIT  4.758(1)
N2-V1-N3  98.82(11) N2-VI-N4 99.82(11) N2-V1-N5  100.81(11)
N2-V1-N6 178.89(11) N3—-VI-N4 117.89(11) N3-VI-N5 117.53(12)
N3-VI-N6 80.16(10) N4-VI-N5 116.07(12) N4-VI-N6  80.33(10)
N5-V1-N6 80.08(10) V1-N2-N2" 177.7(3)
223. IRARZ P EHE TV IRT P

[RAXRZ b ICE T 38R - 30v(V—Nw)IE. TNENPNTIRY v 7 X
NENZHWTAK L7721 — DIRARZ PALEDOHEETE I LICk > T, *#
FLZ 123785, 223792, 323796 em™ (17 — 3°Dv(V—Nn2) 1E. £ Z 1’53768,
2223772, 3777 em ) ERE L 7z, BEICHE T35+ Yy AT &
b~ 2% & [V(OR):]2(u—N2) (R = Bux(Me)CO-, ditox) (775 em~!) & < |
NpsV(u—N2)VNps3 (858 cm™!) & 0 (R WETH o 72BN 10 MG T <= v 2= 7
LTI, 1446, 1440, 13998 L Of1342ecmic e — 7 28I L. 1’ I B WTIE1367
BLU1330emtic e — 27 B . FMRS 7 Fiddv=51lem ' CTH B Z & B>
HFermiX 7L v MICX 5D DEHEEL 7 (Figure2-2), BEICHREINT WS D
DELEDT, BEDHN Y FTH 31339 cm ' &2 v(UN—1N) & L 7zBerl) §EiKD
L3I BT Bv(UIN—UN) T Z N Z 14013 X 81402 ecm ' & 72 D v(PN—N) I,
1L [AERICFermiX 7L w + & L CHEIHIE 1, Z 1211369, 1331 cm™' 35 & 1F1369,
1338 em™' & 72 5 7z (Figure 2-2), 35 Dv(M*N—"N)idBadgeroEHI TP I N
%1600 cm™ X D b F[A] o Tur 7210,
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Figure 2-2. Resonance Raman spectra of 1 — 3 prepared under '*N; (black line) and "N,
(blue line), difference (red line) in toluene as solvent (toluene, green line) (Aex = 355 nm)

at —30 °C. Peaks with an asterisk indicate those of toluene as a solvent.

1DDFTRIEICK 2 &, B FBDDOAF L vHEDIZ X AIRE) (scissoring
modes) & RA XN, N-NOMHEREIV(*N—"N)231484 cm ' & X v(PN—N) 23
1426cm™ & 72 o 770 v(*N—"N)251484 cm ' CH % Z & 5, FERITHIE L 721D
VIN—"N) = 1399 em' L D 85 ecm'EWME L T o7z, T DA—EL., DFTRIHE
IS BT 2B 0D 5NN~ Dtk 5. DA+ BT HBICER L Tw 5,
V(PN—P Nl 12, HIE & 72 v(N—"N) = 1399 em ' & FHRE & iz [FfZ RS 7 b
Av =62 cm ' DEFIH1337 em T EHEE I N, ZHITDT IR EE Y
FermiX 7L v b O CO L1348 em ' L D d R Z W E & 72 o 7= (Table 2-
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3)e BRI 721300 cn T IS m WIS T = Vg E % b D50 DiRENIX, [ V7
oA DaRE EBRFEDORICE T 50 L NWIRE) (twisting mode) & . —F D
N—NfRfEiRE), 1 — bk EEJ:@ A F L v EO KEEIRE) (flippingmode) TH - 7z,
FERRICHIE T N721342 ecm N, FIREOER. WO DiRENICHI W TE L
D3TE 7z IRENIT A k—l_‘/‘bﬁ/m\\ IKBBAINZERADLD %729, v(SN—N)
FvI'N—"N) X DD NS DIEFERAELZZ EICX Y, Ffifks 7 b 237l
INEDDEYV NI oz EZLNS, 1348 ecm ' CTH I NZRAE L 7%
YRE) T DFermittlG D 535 13, 1ZITHR L 2IRE 020D <7 & L (R I iz,
—JF DT IFIRIEME72660.3 £ 660.6 cmi'TH Y ZHIFEEROBIEMTH 2672

NCEID M TEZLRTES, BIIDDRTIZ T~ viEMh76662 & 666.5
em ' TH o7z, vIPN—PN)H BN B L O F L — FEROEF) CREI N 729
N-—NEX RV NEADATA FPE-IMHEE . L UFL — bi)a@mimw‘otté
IS DIRENIE, FermiftiBA#EHCcE 2L EZOND, T2, *THOFHEX
NTZRBEBFE vy 7R T~ v iEEE—FOMBEID D12 cm BV & »w ) Pl
PR—= T 5720, 1344em  OFFEIF, T2 VIEET—F XD b Fermidiif o /7
DL TWELEZLND, SEERIOEIE T < v X7 P AITEBIT 51440 & 1446
cm ' DDV DD DI Y NiE, WIETIE AL, AF L v ED IR X RIEE)
(scissoring mode) & A L ZN—NfffEiRE) Ic g X iz, FHRI N 7~ Vi
TlZ, N—Nfifie— FOEA LBOHER DV, 2013 L AL IE, FMifEs 7
MR LTz,

UNFB L UOPNIC BT 2 5HE S L2 HRE) (1443, 1426 cm D) iE, a- A F L v 5
D X HYRE) (scissoring mode) TH V. m\RE) (1483, 1484 em™) IEF L — |
RECBTZAFLVHEDOIZ S AIRETH o7z, 1440 e BT TEHE I N IR
k. 1399 cm™ THIM T N2 UNUNEIRENIC T 0E K. SR ITRE I
5, ZORAIFUINALZ FLTORBIEE I, PNTIEINSNRfEIRE) 531440
cm ' D OEENALEICH B0 G T v vtk TR TE  RweE I LN
%,
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Table 2-3. Raman active modes in the range from 1300 to 1500 cm™!. [

N 1SN
Raman scattering Raman scattering

frequency activity Az ®] frequency activity [ Az ]
(cm™) normal 392 nm (cm™) normal 392 nm
1334 24.8 34075.2 0.01 1334 53363.6 53363.6 0.01
1338 14.9 33103.5 0.01 1338 59279.6 59279.6 0.01
1340 19.6 24409.9 0.01 1340 54642.7 54642.7 0.01
1340 7.7 18909.5 0.01 1340 18687.2 18687.2 0.01
1341 16.6 47166.8 0.01 1341 39126.3 39126.3 0.01
1443 116.0 344887.9 0.05 1426 1034.8 3076002.9 0.31
1448 324 9664.9 0.01 1447 29.4 2093.4 0.00
1456 5.5 14651.6 0.01 1447 42.9 37794.6 0.02
1461 34.2 3608.5 0.01 1450 228.3 567770.5 0.09
1470 59.2 163928.3 0.04 1456 16.7 38094.1 0.02
1481 79.9 159.3 0.00 1460 12.7 2740.0 0.01
1481 73.1 398.8 0.00 1461 44.8 3185.3 0.01
1482 46.8 134384.1 0.04 1471 6.2 16197.8 0.00
1483 311.3 772251.4 0.09 1472 4.2 489.2 0.00
1484 499.7 1276172.7 0.13 1481 79.8 142.0 0.00
1484 141.0 352237.4 0.06 1481 73.1 118.8 0.00
1485 298.4 940523.4 0.11 1485 7.0 347.1 0.00
1489 28.0 10061.6 0.01 1489 27.1 291.5 0.00
1490 29.7 13749.0 0.01 1490 30.4 371.8 0.00
1491 22.0 68845.4 0.03 1491 27.1 595.5 0.00

[a]Normal modes having normal Raman scattering activities higher than 4 and 20 cm™

in the 1300s and 1400s cm™!, respectively. [b]The N—N stretching mode along the bond

axis.
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2.2.4. $EA1-3DH, BN, 5'WNMRZR 7 b v

#EA1 — 3OEPRIZV A L v b TH Y 'HNMR TIIEPEREEL (0—12ppm) |
X =T —7 Z@H L 72 (Figure2-3), 2D Z L iX, ERB/u-NE N L 722200
NPT LA VB O CREEHAAEM 2R LT a U6 g R - 305V
NMR T, 112 2 TiZ—173.3(Avi2 =211 Hz), 212 D\ T 13-143.8 (Avip =242 Hz).
3122\ T IE-240.2 (Avip = 401 Hz) ppm IC ¥ — 27 2B L 72 (Figure 2-4), T4
O OfEIZ, WEICERE S N/2pu-NoZ D DN F 27 LFER (167.4, 137.4, —26 ppm)
& Hﬁxbf\ EESTEIIC B Y | VerkadelT X » THE X N72V(V)4 F VEEA (-
240.9 ppm) DA & JT A Bepmonl SV NMROD v — 7 13, —143.8 ppm (2) <—173.3 ppm
(1)<=2402ppm B)DNEIC> 7 b LTHE Y, VNG ERE L R 2R & —
LTw3 (1.768(2) A (2)<1.7742) A (1)< 1.7792) A (3))e F 7. V—Numnefti &5
(2.171(2) A (2) > 2.163(2) (1) A > 2.1553) A (3)). B L UN—NHEEE (1.2214) A
(2)>1.203(4) A (1) > 1.20005) A )23 R bfHm & —EH L Cwb 2 b, b
T VRNRBENT B EEZONDE, NFUTLAFVEFITIFT IV
BLAZFicsiT 57 I UNETF DX D BuiEGIE. N F Y v LaA 4 vaz LV E
BEICL, VNuiEAEZ2EL L, N NEARORE S ICEELr 52 5 LoV
NMROFER P HEZ 5N S, 1L3DNNMR 27 b LTl 'V E NI DM
DHYy TV VITICE>T, 7r—Fihv—27¢L LT, ZE€RiMFor—7r»n%
NZN33.4L27.6 ppm (= F v X & vHHE) ICBUHI X 7z (Figure 2-5, 2-6)1°F, &
5 DAL [{(PNP)V(=CHBu)}2(1-N2)] (8 104 ppm) & FLER U C /=g 35 mE I i a1
I NP, FEARAIC B W T ZERIMTFO Y — 7 2Bl TE h o BB IE, p-
BN, D E R T OBAFFE 21 L3ICHRTRIBICEWAZ®THL EE LI LN
%,
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Chemical Shift/ ppm

Figure 2-3. 'H NMR spectra (500 MHz) of 1 — 3 in C¢Ds. The peaks with an asterisk

show those of solvent.

-173.3

g 240.2 |

300 200 100 o  -100 200  -300
Chemical Shift / ppm

Figure 2-4. °'V NMR spectra of 1 — 3 in C¢Ds (131.56 MHz, &/ppm vs VOCl;s (0.00
ppm)).
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Figure 2-5. "’N NMR spectrum of 1’ in C¢Ds at 298 K (60.815 MHz, 8/ppm vs CH3NO,
(0.00 ppm).

/ 27.6 ppm
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Figure 2-6. "N NMR spectrum of 3’ in C¢Ds at 298 K (60.815 MHz, 8/ppm vs CH3NO,
(0.00 ppm).

24



Table 2-4. Comparison of physicochemical properties (X-ray, Raman, IR, NMR) of 1 -3

stretching vibration

bond length/A NMR/ppm
band/cm™!
V—Neq V—Nn2 V—Naxial N—N v(V-Nx2) v(N-N) 5N sty
1 1.913(2) 1.774(2) 2.163(2) 1.203(4) 785 1399 334 —-173.3
1.904(2)
1.909(2)
1.909(av)
2 1.910(1) 1.768(2) 2.171(2) 1.221(4) 792 1401 n.d —143.8
1.910 (av)
3 1.914(3) 1.779(2) 2.155(3) 1.200(5) 796 1402 27.6 —240.2
1.914(2)
1.914(3)
1.914(av)

2.2.5. $#8K1 — 30UV-visA~=Z P L

THFF D1 — 3DWIN AR P IFHEWICEMLEZARZ PAZRRL,

1T

343 (g 15300), 421 (¢ 12200), 585 nm (¢ 1500 M 'em '), 27T1¥345 (g 25700), 425 (&
19700). 588 nm (2700 M'em™), 3Ti3344 (£23300). 415 (£21000), 574 nm (2740
Mlem!) K2z Z e —2 %R L7z, 700 miCy a VX —EFEZbNBE—7
B X N7z (Figure 2-7), AT VHTOWRINAN Y F i, THFHF CEIHI & vz 8

v R EIEFITEWAEICEN X,
EZTCnWhWwWI R RLTWS,

B2 588
o
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Figure 2-7. UV-vis absorption spectra of 1 — 3 in THF (black) and toluene (red). Inset:

900

Expanded views of a range of 500 - 900 nm.

UV-vis A7 b CEIAIE 723 oD8 Y F i, DFT
N7, BRI NNV Fid, 371, 456, XL 736 nm

25 344 3
A
[\
T2 )
20 & R
= |// 0\
15 ‘.‘\
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10 Wavelength / nm
5
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Wavelength / nm
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F—2i NGl 2 2 e XK H 272D TH 518,
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AHEEMAL CRE X
32D —27 %~ L.
FNOLDOY — 2 EmIIFBMEINEZARZ FPALREUIEFCEKL ko T
(Figure2-8), ¥ I 2L — P I N7z A7 b ANy i, (KT 4L F—5HK (0.2 -
0.4eV) ICKIFICY 7 P I NZICd 20bbd, EEICK > THE O NI v

FElgig—38 LT\, ZIEMABEE % i L 72 TDDFTEHRE X, i =+ v
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Figure 2-8. Calculated absorption spectra and electron transition of divanadium complex
using BP86 functional. The calculated and experimental spectra in THF solution are
shown with solid and dashed curves, respectively. The vertical lines and their heights

show transitions and the oscillator strengths.

FEERIICEBIH X N7-424% X 18585 nmD S v R, 456, F X 18736 nmic Xt
L., 26DV FiZ7 2 FNERE T EOflNZE TN OWuED S5 ANF P v L4+
YHRD~DLMCTEBB IR L TWw3, ThbD Y Ficid, 1DOXFRI 7 %
&I X 2 HERELEM D20 D FHREBR b G FT N T 5, EFNICEH S iz
343 nm®D N Y FiZ, 371l nmiC RS L, 220D EEBR TR I TW 3

378 nm T —J&E L, #HiE L 72HOMO-3 %721 HOMO-2 7»5H D% ﬁ%@
DRGERT EHEL 72, 22T, VAn)BIE & No(n*) BB IZAWITRA I N T
W 5 MEIRROFRE A V(do) B ICiE, Z 2 LUMO+S 5 X U LUMO+H4 I
IREand, i, o*EL» 5D LMCTNY FTH 2D (Table 2-5),
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Table 2-5. One-Electron Excited States Having Oscillator Strengths Larger Than 0.01.

Ener A transition
Y f [al transition (%) transition  (%)®!
V)  (nm) type
HOMO-1 amide(a)
10 1.7 736 0.007 99
—LUMO —dn
HOMO-1 amide(a)
11 1.7 736 0.007 99
—LUMO+1 —dn
HOMO-7 HOMO-6 amide(e)
24 2.6 469  0.022 40 39
—LUMO —LUMO+1 —dn
HOMO-5 HOMO-4 amide(e)
26 2.7 456  0.047 47 47
—LUMO —LUMO+1 —dn
HOMO HOMO-1 amide(a)
37 3.0 412 0.012 72 18
—LUMO+2 —LUMO+4 —dd
HOMO HOMO- amide(a)
38 3.0 412 0.012 72 18
—LUMO+3 1-LUMO+5 —dd
HOMO-2 HOMO-3 No(n*) —
50 33 378  0.145 30 30
—LUMO+4 —LUMO+5 do
HOMO-1 HOMO-1 amide(a)
61 3.4 364 0.061 51 18
—LUMO+5 —LUMO+4 —dd
HOMO—+4 HOMO-5 amide(e)
92 3.9 320 0474 21
—LUMO+2 —LUMO+3 —dd

[a] Oscillator strength. [b] The weight of the spin-adapted configuration state functions

in the excited state wavefunction.
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2.2.6. #HF1 - i T BENMIERS T O 7 v b VILRIG

BEERDTED OO F VY LERERKO 70 btk 3T vE=
TEEe F 7Y voERICET 2#E 13D nEbled Sl Fa b vjHe L
THOTf, HCI, [(EO)H](BAr's) (BAr's=B(3,5-(CF3):CeH3)s) ¥ X U[LutH]OTf (Lut
=2,6-(CH3)2CsHsN) ZfEH L7z, ¥ 72, THFH THEK L 72M[CioHs] (M = Na, K)
ZiEItHlE LT LZ, 7u b vftic k> TEKRLAET VE=T IR, TVvE=
v LAF Y E LTHHNMRTHEHE I, PEMHEHL TERL ZZPNHSSHTIS T %
BNy 7 F i X - THFRIE & L7z (Figure 2-9, 2-10, 2-11)I1l, Floriani & -2 PEAK
LR IZRA Y, iK1 - 3TIE, e F IV VIIRBEINA DL o 72 (p-
dimethylbenzealdehydi)Po, 44 & DO Na[CioHs]TFE FC1 - 3% 7 u + VL L 7=
EZANL2DIGTIE, EH O DEEDNHS DR X /=23, K IZZnZ
7% & 3% (VIRTH7ZD) LKL, 3TEINH ZMEcERdorz, 22T
Na[CioHs] £ HOTf% Z N Z 80L& D1 — I KIL I ¥/ T A, TNb D
AR CTICHE W ONHS DILELEM L, FFi, 100GEIZ151 %I ML 72, BN,
TTUDRIGZEAT 2 7256 PNHS O FOCIEIZ . VH 2 D 155%TH V| T i,
N, N CO1D KIS TR L 2R (151 %) LIZIEFR L TH -7z (Table2-6),
nit. TORIGTERL7ZNHS DEZEL T FIRNICHEK T 2 2 & 2REL T
50, At P D1 bERKLZNHS X, BEERICHRKRL TS, B%
[(ELO)H]BAr)ICEH L TKIGEITo 72 & & A NH;3 13 E DR IC B T O
ENBmDoTz, TNHLDOFERDL L, HOTf 7' vu b & LCfER L. Na[CioHs]
ZEITAHI L LA L7286, 108NHS O REIE (151%)TH 5 2 L 3bd o
720 7272 L. HOTfE K[CioHs]DFHE T CTRILZAT o 72355 1 A & 1L 5 NH, D
ICRIE, 3 <1 <20fHANCHE S, [LutH]OTfZ 7' v b viEE LCHERH L 72854,
NHs OUE X, BITANCBER R, 1R E» o7z, 787 F V& L CTHCl%
i L 72356 10ETTANC 2220 53, NHS QIR I D - 72, T d DEFRIC
K27 vEZTHEBICE T, N ERT 2 RIGSEAIE. 7a b viie L T80
L EOHOTFL | 80H & DNa[CioHs| DTAE F CRIGZIT I LA ICHRETH 5 L FH
AbNd, LL, ThoOHEERANH:Z AT 2867 L1 - 3OV LAERY Y
T DICHERBERIZR O L d o 72,
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7.3 72 71 7.0 6.9 6.8 7.3 7.2 71 7.0 6.9 6.8

Chemical Shift/ ppm Chemical Shift / ppm

Figure 2-9. 'H NMR spectra of NH4" that were obtained from the protonation of '*N-
labeled 1(left) and '*N-labeled 1 (1°) (right) (DMSO-ds, 500 MHz).

I H H

(standard)

75 7.0 6.5 6.0 55
Chemical Shift/ppm

Figure 2-10. '"H NMR spectrum of '“NH4" that was obtained from the reaction of 1 with
80 equiv. Na[C1oHs] and 80 equiv. HOTf under N, (DMSO-ds, 500 MHz). Chemical
shift was shown versus DMSO-ds (2.50 ppm).

‘ H H
| (standard)
|| |

7.5 7.0 6.5 6.0 5.5
Chemical Shift/ ppm

Figure 2-11. '"H NMR spectrum of >’NH4" that was obtained from the reaction of 1> with
80 equiv. Na[C1oHs] and 80 equiv. HOTf under N, (DMSO-ds, 500 MHz). Chemical
shift was shown versus DMSO-ds (2.50 ppm).
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Table 2-6. Quantification of NHs* Produced from the Reaction of 1 — 3 with Reductants

and Proton Sources!®

Yield®/%
entry compound reductant proton source
R=iBu | R=EtBu | R=iPr;Bn
1 Na[CoHs] HOTf n.d. n.d. n.d.
2 HiLR - HOTf n.d. n.d. n.d.
3 H;LR 80 equiv Na[CioHs] | 80 equiv HOTf n.d. n.d. n.d.
4 VL™ 2(u-N2)] | - 80 equiv HOTf n.d. n.d. n.d.
5 | [{VILR)a(u-N2)] | 4 equiv Na[CioHs] | 4 equiv HOTE 7 3 n.d.
6 | [{V(ILR)2(u-N2)] | 80 equiv Na[CioHs] | 80 equiv HOTE 151 18 10
78l [{V(L®}2(u-N2)] | 80 equiv Na[CioHs] | 80 equiv HOT, under Ar 29 10 n.d.
8 | [{V(L™)2(u-N2)] | 80 equiv Na[CyoHs] | 80 equiv HCI 27 4 9
80 equiv
9 | [{VILR)2(u-N2)] | 80 equiv Na[CioHs] n.d. n.d. n.d.
[(ELO):H](BAI’s)
10| [{V(L®)}2(u-N2)] | 80 Equiv Na[CioHs] | 80 equiv [LutH]OTf 87 35 7
11 [{V(L?}2(u-N2)] | 80 Equiv K[CioHs] | 80 equiv HOTf 32 59 21
12| [{V(LR)}(u-N2)] | 80 Equiv K[C1oHs] | 80 equiv HCI 9 n.d. 6
80 equiv
13| [{VL®)}(u-N2)] | 80 Equiv K[CioHs] n.d. n.d. n.d.
[(ELO):H](BAI’s)
14 | [{VLR)}(u-N2)] | 80 equiv K[CioHs] | 80 equiv [LutH]OTf 80 1 44
[a] All reactions were carried out in THF at room temperature under N> except for entry
7. Concentration of [complex]: 1.33 x 102 mM. BArs = tetrakis(2,6-

bistrifluoromethyl)borate, Lut = 2,6-dimethylpyridine. [b] Yields are based on a
vanadium ion. [c¢] The reaction for entry 7 was carried out in THF at room temperature

under Ar.
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2.2.7. DFTEHE

A1 D 5> T B X % Figure 2-111C7R L 72, FEIREED JEBIBIEIC B T 20 & B
A VA Il TEY, Bi—EHERELZRL w5, HOMO-3¥k L U
HOMO-2§;E (X, N F ¥ 7 LAHLOdniliE & ~ERAU T Or*HLEE O iR L
kS APETH B, IO DOWLEICE T DA AT, dnlfuE T 5
DI BICHEE LT I FNEF Lol ZE 0 E D o S 115
HOMO (az,) 3 X T'HOMO-1 (ajp) B & Y 3 AL F—2MEL o> Tz, [A
[Kf12, HOMO-23 X "HOMO-3BEK ISR TN TWw b X 5 1c, ZERIBHT O+l
B~OAnBTFHEEOBENC L Y, Mo NF T 7 LFLD Z L ZE D3RI
ftxnTnzeEzohd, CRHDHERL S, »*‘%y‘vulﬂfw%:ﬁﬁﬁau
T OE~B T HENKZ 2720, V-NIEADPE L 2 Y | fITN—N#ES
b eEz2oNnN5, ¥72. NN #EEBREL o727, N—Nﬁﬂ?ﬁfﬁi‘)ﬁijﬁbjﬁ
K T3 5E&EzbN5,

0.0

LUMO+4
LUMO+2

LUMO+5
LUMO+3

= 20
) LUMO ————— — LUMO+1
&
Q
&
T -3.0
g
o 1 A
HOMO-1 x HOMO
=0 HOMO-3 —] HOMO-2
Y

Y
HOMO-5 HOMO—4
50|  HOMO-7 HOMO-6

Figure 2-11. The orbital energy diagram of the dinitrogen divanadium complex for the

orbitals related to the absorption spectra.
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2.3, FEE

22T, FU T IFT I VENT & VCETHF Z W T, N F Yy LERHE
K% 3 AR L7z, X BEEEERITICX 0, 2o 0ERBERICIIFEEESR
ERO_EREEZR o T Z L L o7z, FFIC 11X DFT §HHEIC X
> THEE & BTHE 2 51 X v, tren BAZ T DK N JHT & 2> X v EfsL &
DE~DAF L v EDEAD, BEERZ L 2 BB EOIZKICHFS L T
52 LHERLTNVS, 25 DVIN—N)IE 1400 cm ™ T ICEHI X L5 2 & 55,
Badger Hlic X 2 &, N—N#EAEIZ 124 A &HEE SN E, ZNid X FEEMEE
R CEONRAR LV OMELCW a0, FEHRIRE X Y &AW CEE
T3 ™EHILLTwE EEZONS, ZOMRIIAF L VKEICK 5T tren
BeAL oK N B IS L Tw 2 2 & @ ERE R o IR KR IC X 3 2
ThHhbLIEEINS,

A1 - 313, EFEIE D M[CioHs] M =K, Na)B X "7 1 + V& (HOTS, HCL,
[LutH]OTf (Lut =2,6-dimethylpyridine)) & KJGL. 7 vV E=T ZEK L 72, k1
% Na[CioHs]3 £ ' HOTf & RIG X 27286, 151 % (VIR T H 72 D)DK TT v
T=THBER L, e F IV v E a2 L0, 2L DA TIE,
TVEZTPERNICERIN TS Z L 2R LT,

24,  EB

24.1. A

L 723 s L OBEBIE X CTiHilko D DR L 72, BKBEEIE N, 72
X Ar TATHANT YV v 7 LEdb0z2BHLZ, BT TH D tris(2-(-
methylpropyl)aminoethyl)amine (H3L®B"!4 I X U8 3, 5-diisopropylbenzaldehyde!?",
VCLTHF:!), [(ELO)H](BAr’s)2Y, [LutH]OTH2 138 2 0 Sk 2 BE 1 L TR L
7z

24.2. JERKSR

I'H (500 MHz), 13C (125.77 MHz), N (60.815 MHz), >'V (131.56 MHz) NMR A %
27 b i3 JEOL INM-ECAS00 ¥ 7213 JEOL JNM-ECA600 FT NMR ZfiH L. =
i CHIE X L7z, ¥V T Vid CeDes F 7213 DMSO-ds IC352> L CIREE X v, H, ’C
KBTI EY 7 PZZENENOREDOERE 7u b+ ve— 7 i L HIE
X 72(CeDs, 7.16 ppm ('H), 128.06 ppm (*C); DMSO-ds,2.50 ppm ('H)), "N &5 L O
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S o bF > 7 Ml Z £ 1L HCONH; (—266.712 ppm (°N)) 3 X UF VOCI; (0 ppm
C'V)) ENEREEHE L L, HIE &7z, FTIR 2272 FVid JASCO FT/IR-410 43¢
FEGHEMH L. UV-vis 222 F L id JASCO V-570 536 R 2 L CHlE
I Nz,

243. HEIFwvzRZ7 I

HIE I~y 27 P RRBEREZTHAIE L7z CCD MHEE (CCD-1024%256-
OPEN-11S, HORIBA Jobin Yvon) % 1200 grooves/ mm D+ 1 7 7 4 v 7 [al{fi
F5F2O1ImDOY Y7 AKRY 78 X —% (MC-100DG, Ritsu Oyo Kogaku) (ZHL Y
17720 o THIE X7z, Nd:YAG L —¥ — (Photonic Solutions, SNV-20F) IZ X
> T 10mW @ 335nm DK EZ. 15mW @ 532 nm DI E % 8k L
— % — (Verdi, Coherent) IC & o TIH7z, TXTOV v FriconC, HIERE %
-30°C & L, Hlfge v ZHWCTHEE NSz, I~V 7 MEIA VT VICX o TR
EX N GRE : £1em),

2.4.4.  BAREEL X KRS SRS G AEAT

X MREHT 7 — £ 1% Incotec X MpAREAER~YA /B 7+ — N AV =NV Fa—7T
(I4S) & Bruker PHOTON 100 [BI#7&t % fiii 2 7= Bruker AXS VENTURE [Hl#75 T
HE I NTze AR XY — L2 LT, HR MoKe(0.71073 A) Z B L. T
INFHIE1X SADABS 13D = v F 2 % ¥ ViIEIC X o TfTb =P, i
ShelXT IC & - THi#H 124, Bruker APEX2 % F\» TR AL & 11721252,

2.4.5. Tris(2-(2-ethylbutyl)aminoethyl)amine (H3LEB") D&%

BCAZ T H3LEBe 34V 7FATAT e V% 2-ZF LT F AT ATk FICHEX
oz CBEDOXHRZSEICL THKL 72 (yield 90 %), FT-IR [Nujol, v(cm™)]:
3310(N-H), 2959, 2928, 2874, 2812 (alphatic C-H). '"H-NMR (500MHz, CsDs, 298 K):
d(ppm) 0.94 (t, 18 H, CHs-), 1.35-1.52 (m. 15H, -CH(CHa)>-), 2.49 (t, 6H, -CH>- tren),
2.54 (d, 6H, -CH>- EtBu), 2.62 (t, 6H, -CH>- tren). '*C{'H} NMR (125.77 MHz, C¢Ds,
298 K): & (ppm) 11.4, 24.6, 41.9, 48.8, 53.5, 55.8. ESI-TOF/MS data: m/z 399.7 [M +
H]".
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2.4.6. Tris(2-(3,5-diisopropylbenzyl)aminoethyl)amine (H3L?**28") o & 5%

BehzF HaL®P2Bn (34 YV 7F AT AT F%&35-4 Y 7a ARV XT LT
b NICEEZZ GRED L ESEIC L CTAK L7 (yield 82 %), FT-IR [Nujol,
v (cm™)]: 3298(N-H), 3016 (aromatic C-H ), 2958, 2931, 2893, 2874, 2808 (aliphatic
C-H), 1601, 1465. "H-NMR (500MHz, C¢Ds, 298 K): 6 (ppm) 1.25 (d, 36H, CHs-), 2.46
(t, 6H, -CH>- tren), 2.64 (t, 6H, -CH>- tren), 2.84 (m, 6H, -CH-), 3.79 (br, 6H, -CH>-
iPr,Bn), 7.03 (s, 3H, Ph-H), 7.22 (s, 6H, Ph-H). *C{'H} NMR (125.77 MHz, C¢Ds, 298
K): 6 (ppm)24.4, 34.7, 47.7, 54.7, 54.8, 123.4, 124.1, 141.7, 149.9. ESI-TOF/MS data:
m/z 669.6 [M + H]".

2.4.7.  [V(L®"(u-N2)] 1)DHEHK

20mL D ¥ = L v 7 41T H3LB" (100 mg, 0.318 mmol) & THF (10 mL) % AL,
ZRFHRT T-78 °C L THHAIL 7z, T #LIC n-butyllithium (0.39 mL, 1.02 mmol,
2.6 Minhexane)% >V vV Tz, -78°C T 15 o &RE=, ZOREVEE
mMECHRL. 20 FERTIRR» ZREE-, BOZOEAYE-78°C ITHm
# L. VCKTHF; (119 mg, 0.318 mmol) %X 72, ORIV % ZEilmE CHIEL .
—MEIR T Z R, WL LR L . BEIC~FF v (10 mL) iz
THEP LTz, CORKIZE T4 F2BELTAEI N, ARE-35°C DEEENIC
FHE S 5 2 LI X o THfM L IRV ERORIE Z 572 (110 mg, 46 %), 'HNMR
(500 MHz, C¢Ds, 298 K): & (ppm) 1.21 (d, 18H, CHs- iBu), 2.07 (m, 3H, CH- iBu), 2.46
(t, 6H, -CHa- tren), 3.26 (t, 6H, -CHa- tren), 4.12 (d, 6H, -CH»- iBu). *C{'H} NMR
(125.77 MHz, CsDs, 298 K): & (ppm) 20.9, 28.5, 52.4, 56.1,73.2.>'V NMR (131.56 MHz,
CsDs, 298 K): & (ppm) —173.3. FT-IR (KBr, cm™): 2948, 2931, 2893, 2876, 2861, 2851,
2800, 2770, 1455, 1445, 1434, 1380, 1363, 1352, 1344, 1340, 1300, 1281, 1242, 1143,
1110, 1052, 951, 921, 871, 847, 805, 785, 752, 674. EPR (THF/toluene, 77 K): silent.
Anal. Calced for C36H73N10V2-H20-0.25CsH14: C, 56.83; H, 10.62; N, 17.67. Found: C,
56.89; H, 10.76; N, 17.84.

2.4.8.  [V(L®"(u-"N2)] 1°)DE K

20mL D ¥ = L v 7 41T H3LB" (100 mg, 0.318 mmol) & THF (10 mL) % AL,
ZRFHR T T-78 °C L THHEAIL 7z, T #LIC n-butyllithium (0.39 mL, 1.02 mmol,
2.6Minhexane) >V v Thlx, -78°C TI159» EiRE, ZOREVEE
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BECHEL,. Z0F FERCIRFM»ZREE-, CORBARZEMmML. I
WKTNT Yy HXTY T Ll~FH Y (10ml) 27z, TOERGYEZ-78 °C
WAL, VCI3THF3(ll9mg,03l8mmol) 23 Ar FPHST TIZ B, Ar i3 BN,

ICERI N, CORICY ZERICE THIBL, —IRER THr 2R/, DR
Wiz 74 PZ2ELTHEX zh\ S35 °C DImHBENICHES 5 Z LI X
> T, BEOOMEMES (81 mg, 31 %), FT-IR (KBr, cm™): 768 (v(V-""N)).

2.4.9.  [V(LEBY,(u-"N2)] Q)DHE K

PR 2 13 H3L® o fUb DI HLEB 2L C 1 ERUCAETHER SN
(52 %). '"H NMR (500 MHz, C¢Ds, 298 K): & (ppm) 1.16 (t, 18H, CH>— Et), 1.45—1.74
(m, 15H, —CH(CH2)>—), 2.48 (t, 6H, ~CH>— tren), (3.26 (t, 6H, —CH>— tren), 4.15 (d, 6H,
—CH,— EtBu). ’C{'H} NMR (125.77 MHz, CsD¢, 298 K): & (ppm) 13.0, 25.2,41.8, 52.4,
55.9, 69.7. 'V NMR (131.56 MHz, C¢Ds, 298 K): & (ppm) —143.8. FT-IR (KBr, cm™):
2964, 2949, 2922, 2875, 2853, 2847, 2810, 2788, 1467, 1458, 1448, 1444, 1436, 1374,
1372, 1358, 1347, 1334, 1306, 1264, 1246, 1234, 1159, 1146, 1138, 1111, 1053, 1036,
1017, 1005, 953, 950, 933, 887, 846, 814, 792, 771, 749, 674. EPR (THF-toluene, 77 K):
silent. Anal. Calcd for CagHi102N10V2 * 0.25C4HsO: C, 62.66; H, 11.16; N, 14.91. Found:
C, 62.54; H, 11.18; N, 14.87.

2.4.10. [V(LEUBu),(11-15N2)] (2°) D AKX
AR 2213 H3LB ofRH VI H3LEB Z{FH L C PRI AETERINE
(33 %). FT-IR (KBr, cm’™): 772 (v(V-"N)).

2.4.11. [V(L®2Bm),(u-1*N2)] B) D AKX

FER 3 13 H3L® O D I H L2 ZfFH L C 1 LR CAHECTHK I Lz
(73 %). '"H NMR (500 MHz, CsDs, 298 K): & (ppm) 1.39 (d, 36H, CH3—), 2.25 (t, 6H,
—CH>—tren), 2.96 (m, 6H, —CH-), 3.15 (t, 6 H, -CH>— tren), 5.23 (br, 6 H, —CH>— iPr2Bn),
7.01 (s, 3H, Ph), 7.36 (s, 6H, Ph). *C{'H} NMR (125.77 MHz, CsDs, 298 K): & (ppm)
24.8, 35.0, 52.2, 56.6, 69.4, 123.1, 123.5, 145.1, 148.2. 'V NMR (131.56 MHz, C¢Ds,
298 K): & (ppm) —240.2. FT-IR (KBr, v(cm™): 3010, 2952, 2917, 2855, 2801, 1630, 1597,
1463, 1443, 1380, 1361, 1349, 1320, 1314, 1288, 1260, 1233, 1186, 1166, 1135, 1111,
1087, 1074, 1062, 1042, 998, 982, 933, 920, 895, 891, 874, 841, 820, 796, 747, 718, 696.
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EPR (THF-toluene, 77 K): silent. Anal. Calcd for CooH13sN10V2 * H20: C, 73.04; H, 9.53;
N, 9.46. Found: C, 73.26; H, 9.52; N, 9.37.

2.4.12. [V(L®2Bm),(u-15N3)] (3°) D & FL
PR 3°01F HaLB* o D i1 HL®2Bn 2R L < e AE TR S Lz
(30 %). FT-IR (KBr, cm™): 777 (v(V-1"N)).

2.4.13. 81 - 3 ICB I AEMERSIFO TR+ v/1E

20mL D 2L ¥ 78T THF (5mL) ICiE2 L 723&ICH] (M[CioHs] (M = Na, K)
(1.06 mmol)) % /iM%, X &I THF IZ¥A2 L 728548 1 (10.0 mg, 1.33 X 102 mmol) %
Mz 7z TOREBERZ-T8°CICETHAIL, 1 K2 2B/, chicr e b
VAEA] (1.06 mmol) ZfMx . WML »ZRE, INZEmICETHImL, 1K
2 %R 7%, Wi L TR Z Y BRrviz, ZOoREYZY ZF L —T LT
e L, KICEDP L7z, €74 F2BLTABEL, (SOoNTAKEEMT 5
e TTvEZLEEZGEUCHEDEGK LG, FROTTIEICK - THiA2, 38
I rr»ro7vE=y L EEDHBOEIREZST,

24.14. 'HNMRICEX BT VE=SYLAFTVOER

TYEZYLAFVOERITBEICRE SN TS HETTo 720, 7o b
vtic k o T L - AR % DMSO-ds IR L. 2,5-dimethylfuran D & =
LEE (8:5.83 ppm, s, 2H)Z FEHE (1.00X 102 mM)E LCT VY=V LA TV BE
& L 7z (Figure 2-12),
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Table 2-12.  Yields of NH4" produced by the protonation of bridged dinitrogen ligands

for 1 — 3 as quantified by '"H NMR titration method.

yield® /% (integration(®!)

R
entry reactants Bu EtBu Pr:Bn
run run av. run av.
av.
1 2 3 1 2 3 1 2 3
1 Na[CioHs] + HOTf n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2 H:LR + HOTf n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
H3LR + 80 equiv Na[CioHs]
3 + 80 cquiv HOTF n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
[{V(L®)}2(N2)] + 80 equiv
4 HOTE n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
[{V(L®)}2(N2)] + 4 equiv 8 3 7 4 3 3
5 NarCrofl + 4 iv HOTF 7 3 n.d. n.d. n.d. n.d.
a[CioHs] + 4 equiv 0.08) | (0.05) | (0.07) (0.035) | (0.10) | (0.08)
(VL)) + 80 equiv 147 157 149 20 19 16 11 10 10
6 | Na[CioHs] + 80 equiv HOTF 151 18 10
a[CuoHs] + 80 equiv (1.50) | (1.60) | (1.52) 017 | 0.16) | 0.13) (0.057) | (0.051) |(0.054)
[{V(L®)}2(N2)] + 80 equiv 27 30 31 9 12 9
7kl | Na[CioHs] + 80 equiv HOTf 29 10 n.d. n.d. n.d. n.d.
under Ar 0.28) | (0.31) | (0.32) (0.08) | (0.10) | (0.08)
[EV@RN2)] + 80 equiv 28 26 26 3 5 4 10 10 8
8 | Na[CioHy] + 80 equiv HCI 27 4 9
a[CioHs] + 80 equiv 029) | (026) | (027 0.03) | (0.05) | (0.04) (0.052) | (0.054) [(0.042)
[{V(LR®)}2(N2)] + 80 equiv
9 Na[CioHs] + 80 equiv n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
[(EO)H](BATr’4)
[{V(L®)}2(N2)] + 80 equiv 84 94 82 33.5 33.5 38 7 6 9
10 | Na[CioHs] + 80 equiv 87 35 7
[LutH]OTf 0.86) | (0.96) | (0.84) 0.28) | (0.28) | (0.32) (0.035) | (0.03) [(0.048)
[EV@RN2)] + 80 equiv 30 32 33 60 50 66 23 23 17
B K[CroHs] + 80 equiv HOTE 2 59 21
[CroHs] + 80 equiv 031) | (033) | (034) 0.50) | (0.40) | (0.55) 0.12) | 0.12) | (0.09)
[{V(LR®)}2(N2)] + 80 equiv K 10 7 6 6 7
12 KICoHs + 80 equiv HCl 9 n.d. n.d. n.d. n.d. 6
[CroHs] + 80 equiv .09 | (0.10) | (0.07) (0.032) | (0.031) |(0.048)
[{V(L®)}2(N2)] + 80 equiv
13 | K[CioHs] + 80 equiv n.d. n.d. nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
[(ELO):H](BAr’s)
[{V(L®)}2(N2)] + 80 equiv 81 73 87 1 1 1> 42 40 51
14 | K[CioHs] + 80 equiv 80 1 44
[LutH]OTf 0.83) | (0.75) | (0.89) (0.012) | (0.012) | (0.008) (0.22) (0.21) | 0.27)

Conditions: All reactions were carried out in THF under N, at room temperature except for entry 7.

1.33 x 102 M, [2,5-dimethylfuran (std)] = 1.04 x 10" M.

NH," are shown toward the vinyl protons of 2,5-dimethylfuran (2H).

Ar.

[a]Yields are based on a vanadium ion.
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Concentration: [complex] =

[b]The integration values of

[c]Entry 7 was carried out in THF at room temperature under




2.4.15. DFT &

#5441 % B3LYPP7¥, OPBER™c i X UF BP86P"Mel% F W€, MhdEfad b & IR
G R ZITo72 L 2 A, BP86 TRlHE & 17z NN #i& Ofia K & e — b 23
FEEE X —8T % T L AVR &N/, GB3LYP IZ X » TR & #1172 N—N #%
Hlix, HHT—20fEEL D 27V o7z, BILYP Ti, ETHHBE%E
FRICEB T 2 ETFEONMEDHED)IC X %185 7z Hartree-Fock 223, ~NF T v
LHPLD LEBERD T~ H oot 525 R Lz, #RE LT, R
v VR R v S ZEMIRIC B B FE D ST MNCHR ) Ly WP DBk 72 FL KR8
DWEPIE L 7> TN NFEEGZEXH L2, COXI BRI HTT
DETHEF R X BP86 ZfHH L7z, 7. Vbl L (8 NBID 41T 6-
311+G(d)2¥e, ¢ B XU HIR T OHE1E 6-31G(d) & LTHEHLZ, NMR XU
ESR 3BT X 0, N F VY AL BEEER ST 2N L CROBBEIERN ICH A
FHT 2 Z e BRB ANz, S=0REEX AL VIREEL L THEEL 2, 5IH
S N7-EARIE BB R . NERAREM X 7 < WMo - IREEIX R o2 5 7
o T2, IREIEGHRIC X 0 | i l X RS I UMEICALE ST 5 2 LR E
720 LS T < VHEGELIEME X, 392 nm D AHT IR CRIE S -, . BHE
INT2378nm DHF 3 NV F & 343nm OB X 725 3 Y F e b D EERAST
L—F =D A NF -, 355 mm LA U ANV F -0 H - /2B TERL DI
Ny FEREIY Y CTE 0, REIKEEEIREEME (TDDFT) st %2177
(291, SCRCHY 7o hie % F5 72 T VB DE R T ~D & ) BTt onwT, HANER
8 (NTO) B9% 8 L 72, Hirao 51 X o THIF X 17 B IE % 3 % BP86
DIERE & FH~BI % 72, B3LYP & CAMB3LYP32P2 0 HHE % % T-HHES & B mifE &)
iR AE D SRR A SGE T 2 - O I 7o, fTo Z25MHE L. 2o OPLBE
SRR 1 OEJERARAE I U O FRE D 72 W BIBE% &2 A2 L. BP86 DS & —3
L7\ Z & %R L 722933 btk o 70 o FEHE R B B %5 % fi 2 7= TDDFT/ LC-BP86
AL CREE I N A7 Fovihifgiz, @lllla iz 2 FHE 3 ZFHO NV F
EX T2 422,34lam DNV VN R Z R, I —vavDART |
JURHARIC 585 nm ICIRIL BRI v R 237855 72, ZHld. LC-BP86 Tl & i
72585 mm ICHGT 5 Y K23 41lnm iIC> 7 b L, 426 nm DY FICHEHR - 7-
720TH5, BILYP ICX o T INZZARZ P VIIERHEEREL X LT
W3 X IR A, 585 nm ICRET 58 Vi BP86 TrIE I iz N v PTG
LTWw7z, L2, 2%BHE 3FEHD Y FOERBERICIT, KRR 2D 5
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HRLIEWEREZE D NTO b 2K H—DWuE~T7 ICRET 2 Z LA TE &
2572, CAMB3LYP A7 Fid, 2FHODO NNV FICEHAR >NV FERL,
MEIA W 3 FH O Y Pl 12T UiEEES T S iz, 2o DR,
NYFPDOEIDFELWIEFLEGEER > A7 vy Ial—vavid, A
MV DEY B CONY FEL AT 250X 0 EHNTH S EE X
b g7z, BP6 B i L 7~ TDDFT FHHE 2 & b #EYITH 3 LWL 7=,
% 72, THF &R CHITE L T\ 2 0 T, §5BR 3K 7.4257 O sk € 7 v (PCM)
B L, WshEEs 22— 3 v L7z, 742,457,377 nm CTalE S 7=
' — 27 %, THF 7% & QEMGIEAR D720 EZE T TO v — 27 LIZIEFEI L7 - 72,
ZOREFRIT, BIREOFELZZ T R VB AR P e —K L7z, ZDFEERP S
UV-vis A7 bLOE| Y Y CICEZE T C BPS6 HREAR A L 72, TXRCOET
W& EHEL L, Gaussian 09, revision E.0113%%3 X TF Gaussian 16, revision B.0153% % {i
HL. 7 FiEoEER I, Al ERAEREM £ v 2 — O Fujitsu CX400 & &
7 L% W, MOPLOT 5 X U MOVIEW 7' v 7 J L & {FFH L i L 7266, &
HWDT~vEB LW UV-vis 227 b L Ofli#iiZ, Windows XP &=L —F 4 v 7
VAT LEHAV, SWizard ¥V 7 PV = TR L CEHE & LB,
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I, A3 1 R2ICHRTAF VT LA F v EEBERS T OETEEN
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Nz, BILAFET CHE IS T E B, Ty E=T OIER, Tri ) eEA
FroEEICL > TRELLT 2L 2RABLZ-0, A1 28EF MY
T LATRILT D ZEICX o T, ZEANFY Y LAERIER1-5 2EITTHl B X O
RS EBEoh BB ELONSE, F MY T LAAF AR
‘MﬂmﬂmmNmm)®ém%ﬁ&to%Lf\:@F%6:omf%$%k

DAEEETE I Lz, T D8R 6 ICDWTlx, % ORE L A
@E%f{&< DFT &tH % H\C % OB HHEDFHMIC O W TH G L 72,

32, fERLEE

32.1. NFYUVLEREBEBIVCF Y VLA F VAIEOERK

VCILTHF; & bV 7 2 F7 I vESZF (LR (R =Bn, MeBn)) #EE£HMHST
TRIGERZZ LI X 5 TAF I Y LERER (VLR 2(u-N2)] (R = Bn (4),
M%n@D%A&Lt(&Mm}DWhuﬂ%@ﬁ%i%%ﬁlﬁ??ﬁ%%
D ELO IS b G T, IRk ofime LTSz, TNZ DT, &
FHEHDT CREEICHEEL., 2R CIRREICHREOICR > 725, OfFEL 7=,
L X AR ERERTIC X D, TN hotEhofiEir. EEERE o &
DANFT T LEEIRTHEZ PO E R0 T2,

R R

e G

VCI;THF, ] N/%
NTAHA@R > TunderN; <€7\NN\V\NJ

r4

R= H (4), Me (5)

Scheme 3-1. Syntheses of dinitrogen-divanadium complexes 4 and 5
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PR 1T (VLB o(u-No)) K|/ F PV v kv ZVHRTRIGE R, N FY
LEREERICT PV T L AF VAL 72 [Na{V(L®B)2(u-N2)] (6) %157z
(Scheme 3-2), #&fAk 6 D HAEIZ., KIGIREYZ AL, BoNzA2 e EHRE
ST, —35°C CHE S5 2 & TRz, ZofihRecd 328, ZRP Tl
HUEEIC AR Eic e v . L 7=,

IR
! (ex:\:l:ss) (Ni \’/ /\ /\\/ !
<_kN/5~'i S e AT

(1 (6)

Scheme 3-2. Syntheses of the sodium ion-adducted dinitrogen-divanadium complex

322, #h4 b 5 oEREE

HA 4 L 5 DRERAEE L BN T A — X B ZNE N Figure 3-1, 32 BX W
Table 3-1 IR L7z, F72, ERfEAREEAM% Table 3-2 ISR L7z, $EK4 D
FE RS 13, BAAR TR 2 D DFRIL L 7-88{K 4a & 4b B & A TV T2, $5K 4a,
4b, BLU 51 1. 2. BILUOZ LIFFICHUL W EZ L oTHY, ZhEh
2 DDANF VT LA F VRITENE S N p-Ny BEAL T2 FE D %»%/WAEP TR
DEHHHE X, TH Y TAMBEIC3 DDT I FNJFRT. TF I TANEIC
SUYNFETE oI T2 0B L% ITE AR -2 THERE 7 572 (1
=0.99 (4a), 1.00 (4b), 1.00 (5))[51
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Table 3-1. Experimental data for X-ray diffraction studies on crystalline complexes
4-6

Compound 4 5 6
Formula CsaHesN10V2 | C30H39NsV | CsgH7sNioNaV2
formula weight 959.05 520.60 777.95
crystal system trigonal triclinic monoclinic
space group R-3 P-1 P2i/n
a[A] 26.577(2) 9.6993(5) 10.6036(3)
b[A] 26.577(2) 11.7088(6) | 20.2636(4)
c [A] 23.990(2) 13.6900(7) | 20.4320(4)
al’] 90 72.386 90

L1 90 81.234 91.132(2)
v [°] 120 90 90

V[A%] 14675(3) 1366.00(12) | 4389.2(2)
Z 12 2 4

temp [K] 103 103 173

A [A] 0.71073 0.71073 0.71073
Peale [g cm™] 1.299 1.266 1.174

u [mm'] 0.430 0.391 0.4714
No. of reflections 40020 12593 42432

No. of independent reflections 5782 4811 1009
[R(int)] (0.1067) (0.0366) (0.0500)
No. of parameters 397 328 422
Ri(I>20(1)) 0.0464 0.0413 0.0435
wR>(all data) 0.1346 0.1135 0.1054
Goodness-of-fit on F” 1.092 1.109 1.013
Largest diff. peak/hole [e A~] 0.53/-0.44 0.34/-0.46 | 0.90/-0.34

48

[a] R1 = Z||Fo| - [Fe|| / Z|Fo| for Fo > 26(Fo). [b] wR2 = [EwW(Fo*-F2)YZw(Fo2)*]"2




Figure 3-1. ORTEP drawing (50 % probability) of 4 (4a (left) and 4b (right)). Hydrogen
atoms are omitted for clarity. The atoms with superscripts, i-v are related to the atoms
without them by symmetry operations (1+y-x, 1-x, +z), (1-y, +x-y, +2), (2/3-x, 1/3-y, 4/3-
z), and (4/3-x, 2/3-y, 2/3-z), respectively.

Figure 3-2. ORTEP drawing (50 % probability) of 5. Hydrogen atoms are omitted for

clarity.
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Table 3-2. Selected Bond Lengths (A ) and Angles (deg) for 4a, 4b, and 5

4a
V1-N3 1.763(2) V1-N6 1.912(3) V1-N7 1.905(3)
V1-N8 1.899(3) V1-N5 2.174(3) N3-N3i 1.220(5)
V1---Vii 4.750(1)

N3-V1-N6 98.06(12) N3-VI-N7  100.27(11) N3-VI-N8  100.08(12)

N7-V1-N6 117.03(12) N8-VI-N6  118.71(12) N8-VI-N7  116.32(12)

N6-V1-N5 80.17(11) N7-V1-N5  80.85(10) N8-VI-N5  80.60(11)

N3-V1-N5 178.21(12) VI-N3-N3'  177.1(3)

4b
V2-N4 1.758(4) V2-N9 2.172(4) V2-N10 1.906(3)
V2-N10! 1.906(3) V2-N10' 1.906(3) N4-N4i 1.220(8)
V2---V2' 4.756(1)

N4-V2-N9 180 N4-V2-N10  99.62(8) N4-V2-N10'"  99.62(8)
N4-V2-N10  99.62(8) V10-V2-N9  80.38(8) N10-V2-N9  80.38(8)
N101-V2-N9  80.38(8) N10-V2-N10" 117.26(5) NI10-V2-N10' 117.26(4)

N10-V2-N10%  117.26(5) N4-N4-V2 180
5
V1-N2 1.7637(16) V1-N4 1.910(2) V1-N5 1.913(3)
V1-N6 1.896(2) V1-N3 2.1592(17) N2-N2 1.226(3)
V1---V1' 4.758(1)

N2-V1-N4 99.81(8) N2-VI-N5  99.64(10) N2-VI-N6  99.11(8)

N4-V1-N5 118.12(9) N4-V1-N6  117.89(10) N5-VI-N6  115.94(9)

N3-V1-N4 80.14(7) N3-VI-N5  80.39(9) N3-VI-N6  80.91(7)

N2-V1-N3 179.95(9) VI-N2-N2*  179.3(2)

[a] The symmetry operations for 4a and 4b are 1+y-x, 1-x, +z; 1-y, X-y, +z; 2/3-x, 1/3-y,
4/3-z; 4/3-x, 2/3-y, 2/3-z.
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323. #$#E4BX5D UV-vis A7 P ABLXUONMR 227 v

Pz vk 4 B L5 D UV-vis A2 b+ L% Figure 3-3 I8 L7z, #
K4BLUE5D UVvis AT PR ZENENKRESEBLZRA=7 P ArZEIRL,
350 nm. 410 nm, 580 nm fEICHIN N Y MBI X 172, 410 nm & 580 nm fif
HD2DODAY FIF 7 I FNJRETF2 S NF Y AL~ LMCT LIRS & 1,
350nm fED N Y Fid, No L7 Don*, 5L T I FNFETF2LAFY Y L
L~D LMCT & IRE L 7281,

25,

348 nm

300 400 500 600 700 800 900 1000

Wavelength / nm

Figure 3-3. UV-vis spectra of 4 (black) and 5 (red) in toluene at room temperature.

R4 BL OS5, PV VAR 7TIK TEPR YA LY P THoTz, 72,
INHD 'HNMR A7 bt ZNENUKEEFRBICY v — 7 e — 7 %8l
ML 7= (Figure 3-4. 3-5), "Ny 1% 012 5Ny 2 L TEL L 72885k 4-15N, (4Y)
FELUW 5PN, (5" @ PN NMR A<_7Z7 b AL Tld, ZNZ41 294 I XU 27.0 ppm
KB N B Fov— 2 3@l d Nz, b —2133%V & UINED A v
TV VLI Y T —Fht =7 ThHo7z, AR SD PNNMR 12, FHEBRIE;
DAFNEOBFHEGHEICL Y, 3, 4, B3IV SO Trd @EGHEEIC v —
7 BB X 7z (Figure 3-6. 3-7). #HfA 4 LU 5 D S'VNMR A2 LT
X, ZNZE 2318 XU —2287ppm 12 ¥ — 7 I X 1 (Figure3-8) . 3 D
v'— 7 (2402 ppm) &LV b EEGGEBICEEIE -, ik, FERREICEA
ENTTAFNEBRIEOBTHRICLZDDOTH Y, ik 3 OFFERLDD 2
DDAV Tu AT, NFYTLAAFVOBTEEOHINCEHFLG LT3 L
Ezbitspbl,
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8 7 6 5 4 3 2 1 0
Chemical Shift / ppm

Figure 3-4. "H NMR spectrum of 4 in C¢Ds at 298 K (500 MHz, & /ppm vs CsDs (7.16

ppm)). Peaks with an asterisk indicate impurities.

Chemical Shift / ppm

Figure 3-5. "H NMR spectrum of 5 in C¢Ds at 298 K (500 MHz, & /ppm vs CsDs (7.16

ppm)). Peaks with an asterisk indicate impurities
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Figure 3-6. '’N NMR spectrum of 4 in C¢Ds at 298 K (60.815 MHz, & /ppm vs CH3NO>
(0.00ppm)).

27.0 ppm
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Figure 3-7. ’N NMR spectrum of 5 in C¢Ds at 298 K (60.815 MHz, & /ppm vs CH3;NO:
(0.00ppm)).

-231.8

0 -1 60 -260 -360
Chemical Shift / ppm

Figure 3-8. >'V NMR spectra of 4 and 5 in C¢De at 298 K (131.56 MHz, & /ppm vs

VOCI; (0.00 ppm)).

53



324. #EE4BIVPsOHETv v RT P A

LT VAR THIE LR 4 B LS50 BE T~ v 2= 27 b vt 4 Tld 1439
£ 1396cm™' 5Tl 1440 & 1394cm N icz N ZE N2 DD N FZBUHI L 72 (Figure
3-9), TS DIEIZEER 3 D v(N—N) DfE (1443, 1402cm™) i<, $Hk 4 &
XU5ICBT 3 1396 & 1394 cm™ D v — 2713, $Ek3 LEEEIC v("“N—"N) T
HHELIFELT, R ABIVSD v(ON—PN) XY F b, Fermi £ 7L v biC
Ko THBEL. ZNZN 1366, 1335cm™ B L1365, 1325em™ icv—27 ¢ L
TEHE X N7z, N—N fEREIE. N—N G ofR It v, (KBEEERIC > 7
FLTW/,

*
4 \» . 5 _ *
0 *
14N, g i 14\|§|\“* M
' 2 : ;
\ P S P 5
\{\‘\d H * 15N e ——— _)'_: H ;
15N - * * 2 i "r
2 He sk f \ /\ \ ;
— s
394!
13b6 : f
1439 - -t
W i 1335 iy
Difference Difference
1366
1600 1500 1400 1300 1200 1600 1500 1400 1300 1200
Wavenumber / cm™1 Wavenumber / cm™!

Figure 3-9. Resonance Raman spectra of 4 and 5 (black line), 4' and 5’ (red line), and
their difference (blue line) in toluene at -30 °C ( A ox = 355 nm). Peaks with an asterisk

indicate those of toluene as a solvent.

54



325 8 1-509 42V v 7 RALEEST L

TRCDOZBAF VY LERER 1 -5 DA 7Y v 7R LE Y A Y =%,
THF FCHIE SNz, TNODRLVLEZEST T LICDONWT, R 1-51CDO0WTiE
Figure 3-10 IC/R L7z, S5 DEEAKRD Epe & Epa % Table3-3 IR L7z, #K1 D
RLEZEZTLTIE 201X 185V, 2 TlF -161 BLW -141V, 3T
T -1.85V, 4 TlE -1.9VICENZTN =2 ZBHU L7z, AVXETTL%0
Vb IEOMHEE CRREI Lz L &, 85K 3 L 4 T/ I v —2 23X,
RS ICEVWTIR Y — 7 BRI NRD> > 2 A1 -3 TCHE I Y — 713,
[{VLR)}2(u-N2)]" DEE(LIC X O No i F 03RS % 2 &1 X o THEL 20 fEY

CHkTsEELZONG, —J. 3-5DNfRIE. TNbDb OV IAHIC
LoThiFond eEzoN, TNOLDOMLETHEC 2RIC, BIEDOKE A
bbb, B LT A3 A% b o8 k1, 2 X0 LETTCICE G
EEHEoTwa EEZObND,

Table 3-3. Electrochemical data for 1, 2, 3, 4, and 5!

compound Epc Epa
1 -2.58,-2.01,-0.53 -2.34,-1.85, 0.02
2 -2.00, -1.61, -0.41 -1.82,-1.41,0.01
3 -2.50, -1.85, -0.38 -2.26,0.37
4 -2.47,-1.79, -0.39 -2.27,0.14
5 -2.51,-0.40 -2.34,0.06

[a]All potentials are reported vs. [Fe(CsHs)2]/[Fe(CsHs)2]" in THF at room temperature.
The concentration of the supporting electrolyte TBAP was 0.1 M. The concentration of

the complex was 0.5 mM.
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0.01 (b) $
-1.82

0.37 226 -2.34

10 o -0 20 40 10 0 -0 20  -30

V vs. Fe/Fc* V vs. Fe/Fc*
Figure 3-10. Cyclic voltammograms of 1 (voltammogram (A) (from 0.2 to -3.2 V),
voltammogram (a) (from -0.5 to -3.2 V)), 2 (voltammogram (B) (from 0.6 to -2.7 V),
voltammogram (b) (from -0.5 to -2.7 V)), 3 (voltammogram (C) (from 0.6 to -2.7 V),
voltammogram (¢) (from -0.5 to -2.7 V)), 4 (voltammogram (D) (from 0.3 to -2.90 V),
voltammogram (d) (from -0.3 to -2.90 V)), and § (voltammogram (E) (from 0.3 to -3.7
V), voltammogram (¢) (from -0.3 to -3.2 V)) in THF at r. t. under Ar.
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32,6, EEABIVSICBITIERMERSTFO TR+ VERIG

R4 L0580 R EEHLZD 7w b vk, e b viie LT HOTE £
72 (Z[LutH])(OTf). ZEJTH| & L T M[CioHs]- M* = Na', K") % f\»C THF " CfT
o7y TRTOBFHICBWTL FIPvidBEENARd o7, NHS DI IZ,
Na'[CioHs]” & HOTf ZfEF L 72556, $51R 4 TlX 13 %, 5 TIE 45 % (VIETH
720) THotz, K[CioHs]” ZfEF L 723856, #Hfk 4 Tl 64 %, 5 Tl 49 %T
Holz, THIT, K[CioHs]” 3 L W[LutH]'(OTH ZfEH L 7254, IRz h %
A 191 %, 341 % T, 3 —7 L 72 (Table 3-4), NH4'OUCK(Z, $EiK 4 %
K'[CioHs] ¥ & OF HOTf & RIG X B A% RCT, 5§ DIEI BEDr o7z, Th
IZFER S D No e T8 4 X0 Gt fbE w7z E2 6N,

Table 3-4. Quantification of NH4+" Produced by Reactions of 1 — 5 in Presence of

Reductants and Pronton Sources!®

Yield®/%
entry reductant proton source
1 2 3 4 5
1 Na'[CioHs]" HOTf 151 18 10 13 45
2 Na[CiHs]” [LutH]'(OTf)" 87 35 7 67 127
3 K'[C1oHs] HOTf 32 59 21 64 49
4 K[CioHs]”  [LutH]'(OTf)~ 80 1 44 191 341

[a] Tall reactions were carried out in THF at room temperature under N». Concentration
of [complex]: 1.33 x 102 mM. Lut = 2,6-dimethylpyridine. [b] Yields are based on a

vanadium ion.

3.2.7.  $EiR 6 i REE

RICHITH 5 M[Ci1oHs]|” M =Na', K") &, $5Kk1 - 5 LoRKIG» b iE, T
7Y BJEA A VIR Rk e L CERR T2 2 i E T hrolk, LA
L8R 11, €T PV L RIGL, $5R 1 ~DF P U v LA F vk e
LT, [Na{V(LB")(u-N2)] (6) TH (MR DEFM %15 Z LB TE 7, HE
6 TSP THSL ISR 528, Hifhin X S ST 2 E T 5 2 Lk
TX 7z, ZOMGEETET — X LG % Z L% 2 Table 3-1 & Figure 3-11 IR L
2o /2. ERIEAR LA A% Table 3-5 IR L 72,
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Figure 3-11. ORTEP drawing (50 % probability) of 6. Hydrogen atoms are omitted for

clarify.

Table 3-5. Selected Bond Lengths (10\) and Angles (deg) for 6

6
V1-N4 1.8147(17) V2-N5 1.8002(17) N4-N5 1.225(3)
VI-N7 2.0566(19) VI-N8 1.8963(18) VI-N9 1.9391(18)
V2-N11  1.9980(17) V2-N12  1.9374(19) V2-N13  1.9152(18)
V1-N6 2.1920(17) V2-NI10  2.1696(18)
Na3-N4  2.601(2) Na3-N5  2.511(2)
Na3-N7  2.4157(19) Na3-N11  2.5226(19)
N4-VI-N7  95.66(8) N4-VI-N8  103.30(8) N4-VI-N9  97.84(8)
N5-V2-N11  94.97(7) N5-V2-N12  97.29(8) N5-V2-N13  103.41(8)
N7-VI-N8  108.51(8) N7-VI-N9  121.47(8) N8-VI-N9  122.86(9)
N11-V2-N12  114.68(8) NI11-V2-N13 116.86(7)  NI2-V2-N13 121.75(8)
N6-VI-N7  81.96(7) N6-VI-N8  81.30(7) N6-VI-N9  80.11(7)
N10-V2-N11  81.30(7) N10-V2-N12  81.21(8) N10-V2-N13  81.46(7)
N4-VI-N6  175.33(8) N5-V2-N10  174.88(8)
VI-N4-N5  164.56(16) V2-N5-N4  166.27(16)
V1-N4-Na3  94.44(8) VI-N7-Na3  94.19(7)
V2-N5-Na3  86.08(7) V2-N11-Na3  81.87(6)

58




A 6 13, A1 0B TETICE-oTELZERTH Y., LAY
F)DLAAFT VY E2DDNFUTLAFT VR ST, L7zBo>T, 6 1FEES
JRFflio T NFoy LRk Th L EEZLNSE, ZD XD RRGRFEZ DD
ZEANF Y L ZEREARORE L, D e, Floriani 5 13,
[{V(Mes)s}oN2)He % & B L . &= Jt k o F [ & & L <
[Na(diglyme):]' [{V(Mes)s}2(N2)Na]~ & L T [{V(Mes)s}2(N2)] [K(diglyme)s]" (Mes
=2,4,6-Me;CeHa.  diglyme = (MeOCH2CH2),0) 2MERLT % 2 & % HifE g, X fiE
fERTIC X o TR L), ZoEG, PV TV LAAF VIE, -E—F (Na-N =
2.513(12),2.607(12) A) Cu-No Bz FICEAZ L, 2 DD 7 = = VERDS D DIRFEH T
EAHEAERA LT3 (Na--C=2388-2.601 A), #fk6icsnwT, U v LA
AV iTp-No BefizF (Na3---N4 = 2.601(2), Na3---N5 =2.5112) A) BL VP 22D 7
I F NJEF (Na3--“N7=2.4157(19), Na3---N11 =2.5226(19) A) ¢ #HAEHL TH
D, ZOFEE A XA NTHTROWFEP L JEFICHM L Twiz, VI BT V2 i
T ORI Y D2 >OBEEIXIENFFETH O, VIE Y O VNS (F3H:1.9797
A) 1F. V2 Y ofEE (FE:1.9641A) X b &KINICE» o7z, 2D &, VI
BB TETLINSZZ L EZRBL TV, #i{A6 D N—N#EEREIX 1.2253)A T
HYH . Na" #EFTHVEER 1 OEAR (12034 A) L HEEL T0.022A HELT
Wiz, $ER 6 D 2 DDA V—N—N (VI—N4—N5 I X If V2—N5—N4) ¥, *
NZI 164.56(16)° B LU 166.27(16)° TH H ., Zhix, A 1 © V—N—N
(178.59(26)°) £V HKRZ (s - Tz,

5K 6 © 'TH NMR A7 P LI HEREMY 7 F %R L, -897, —13.18, LU
2023ppm IKZNZFN 32D 7 u—Fhv—27 Z8HIL 72 (Figure3-12), ik 6
DEMERET— A M, Evans iEIC X 5T 298 K TlX 1.94 pup & P L 720
ZDfHIZ. k6 DAY VIREEDS S=1/2 THBZ LERLTWE, ke nit
WS 7~ v A2 b+ V% Figure 3-13 178 L 72, N—UN #EIREN 1 1482 cm™' I
XN, PN FRAZFEHA L CTAEK L% 6 (6°) TliE 1436 3 X O 1414em™ 1T 2
DO =7 %R LTz, B1K6 D 1392cm™ & 6'D 1365, 1327 cm™! D/NE v —
70k, R L BN A RZMERHL CHERI N1 @) BT 25 "N—“NBIU
N—PN O fffEIREITH % 1399 cm™ 5 L ¥ 1367, 1330 em™ iXfIG L T 3
n-~F DA 6 D UV-vis 2= 27 b LTl 286 (15500). 348 (24000)., 432
(sh.. 10100)., 592(2350). ¥ X T 968 nm (240 Mlem™) ICZ N Z NI F %
H o Tz,
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ITAITH % Na'[CioHs]” DFETE FC. HOTf ZfEHI L. #Efk 6 o7 uv |+ vAL
RIG%AIT>728 2 A, NHs'I1Z 41 %D IETHEL L, 1 DIEE (151%) LY K
%> 7=, Floriani & (X BARTNH; (7 %) 72 T7 < NoHa (20%) D [{V(Mes)s}2(N2)]
[K(diglyme);]" @ 7' v b vk bERT 2 2 L 2ME LB, LaL, #ik1 -
55AICIE, e F IV v E N o7z, NH; DEROEFECHA 6 D X 5 7x
TAAaY)EBEA LA VATIERERLIZEEZON SR e F 7Y v E ik
WZ IOV TIR IS R2MELHETH B,

-8.97
-20.23
-13.18
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Chemical Shift / ppm

200 150 100 50 0— .50 -100 150 -200
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Figure 3-12. '"H NMR spectra of 6 in CsDe, (500 MHz, & /ppm vs C¢Ds (7.16 ppm)).

Peaks with an asterisk indicate impurities.

A 30 0.5
”:RINW\\M ~ 04
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Figure 3-13. Resonance Raman spectra of 6 (blue), 6' (red), and their difference (black)
in toluene at -30 °C (Aex = 355 nm) (left). Peaks with an asterisk indicate those of toluene

as a solvent. UV-vis spectrum of 6 in n-hexane at room temperature (right).
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3.2.8. DFT#E

DFT #tHE 2T 6 DE G272, 8E 6 DRl X Nz T 2
— 2, FHIL72E0 b DL L 3L Tnizdd, VDL E NN
TRMA I N TR COBRNAM A ZTDT LIRS R D, Hic, Na—N, Bl i3 b3
P oo Tz, K1 OFEITICE 5 N—N fEiaRoffE, XU, JEiiL 7
N Bl F ol i%. kI sz 6 T HHI N,

FFE I v(ON—"N) 12 150l cm™ TH Y, FEHHED 1482 cm™ ITIEWE %
Bz E72. PN CHEEERI N 610DV TlE, 320D — 72 (1436, 1452, B X
W 1453 em™) 28 v(ON—N) IR TH B EHEE L 72, S o 1452 & 1453
cm! DEELIZAWICER L TWw a0 BH—D NV FEEKRLZLEZ LD,
PRIV PO 7 Mt 49 em™ THO, b )~ DMK
7 ME65em! THotz, ToOfiit, EHlroBONZTI~w YT P THD 44
B 68cem! & X —EHL T/, N—N ke & H v 7L L 72 1436 cm™!
BLO 1452 cm™! DIREIE— FiZ, ZNENA Y 7 FALEDa-AFL VDT
AIRE), FLXUPPL VEBHNTFL - PREZERL TV AFL Vv EDIZE A
IRE) & ICHk 3 %, 1390em™ AT, EFDFICHERT 2IREND 7 ~ viftk
RN D, TNHDE— FIFEEE 6 icHkT 2o Tidal, k1 ichks
% & fdam T 72,

PER 6 ICOWTEHEINAZBEBTARZ PALICEBT 2NN Fid, FEllfE s
T D= ER L7205, 6 DAY PATHEINZ42 mm Dy a g —r—
7 & 286 nm DY — 27 [IHEE TX b o 7z (Figure 3-14), #Hik1 &I T % &
R 6 OIS Fld, X kEL 7u—F{bL, EENRIRIEEZ b 0@&
BT Y 450 nm L D b Emz AL F—fllcBlllEhTnwb, ik, ke
DELFHEE L B EEDORIRED-DTHELEZOLNS, I LI, HiEDH
1BV TELN 0204 eV DFHHE I N2 B D red shift xERET 5 &
R 6 CEVWTHHIBRERILZ ALY -2 7 RTINS, o T, B
L7z 5 2OV FiZonTld, FAROIREIE TALVF—% b DOBHOE L
ELTIREL T, ZOIRBOKERIT Table 3-6 1T/ L 7=,
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Table 3-6. One-Electron Excited States Having Large Oscillator Strengths.

Energy A
No. f transition (%) transition type
(eV) (nm)
1.28 968 240 the first absorption band
1.19 1041 0.004 aSOMO—-LUMO+2 75 d(m)—d(8)
1.4 883 0.003 aSOMO—-LUMO+3 87 d(m)—d(8)
2.09 592 2350 the second absorption band
10 1.82 679 0.003 aHOMO-1-LUMO 57 d(n)-N2(n*)—d(m),N2(x)
11 1.95 637 0.002 BHOMO—SOMO 53 d(m)-N2(n*)—d(m),N2(x)
14 2.09 593 0.005 aHOMO-2—LUMO 56 LMCT:amido(LP)—d(w),N2(m)
22 241 514 0.011 BHOMO-2—LUMO 51 LMCT:amido(LP)—d(n),N2(m)
2.87 432 10100 shoulder
24 247 502 0.036 aHOMO-1—-LUMO+1 13 d(m)-N2(n*)—d(5)
27 2.59 479 0.01 aHOMO-1—-LUMO+1 30 d(m)-N2(n*)—d(5)
32 2.72 455 0.007 BHOMO—LUMO+1 31 d(m)-N2(n*)—d(5)
3.56 348 24000 the third absorption band
61 3.16 392 0.01 aSOMO—-LUMO+18 33 d(m)—N2(n*)
74 3.36 369 0.012 BHOMO-2—LUMO+2 39 LMCT:amido(LP)—d(8) d(m),N2(m)
80 3.41 363 0.01 BHOMO-3—LUMO+2 54 LMCT:amido(LP)—d(8) d(m),N2(m)
84 3.45 360 0.011 aHOMO—-4—LUMO+1 22 LMCT:amido(LP)—d(8) d(m),N2(m)
92 3.52 352 0.015 aHOMO-2—LUMO+5 22 LMCT:amido(LP)—d(8) d(m),N2(m)
101 3.61 344 0.016 aHOMO-3—LUMO+4 23 LMCT:amido(LP)—d(8) d(m),N2(m)
107 3.65 339 0.035 aHOMO-5—LUMO+2 13 LMCT:amido(LP)—d(8) d(m),N2(m)
113 3.72 334 0.021 BHOMO—-2—LUMO+6 22 LMCT:amido(LP)—d(8) d(m),N2(m)
116 3.75 330 0.021 aHOMO-7—LUMO+1 69 LMCT:amido(LP)—d(8) d(m),N2(m)
117 3.76 330 0.052 BHOMO-2—LUMO+6 30 LMCT:amido(LP)—d(8) d(m),N2(m)
129 3.86 321 0.087 BHOMO—LUMO+11 12 d(n)—d(o)c
130 3.87 320 0.05 BHOMO-2—LUMO+7 27 LMCT:amido(LP)—d(8) d(m),N2(m)
131 3.88 320 0.038 BHOMO-2—LUMO+7 19 LMCT:amido(LP)—d(8) d(m),N2(m)
4.34 286 15500 the fourth absorption band
158 4.09 303 0.066 BHOMO-1—-LUMO+15 30 MLCT:d(n)—N2(n*)
173 42 295 0.041 aHOMO—-4—LUMO+6 30 amido(LP)—Rydberg
191 4.29 289 0.021 BHOMO-4—LUMO+6 62 LMCT:amido(LP)—d(8) d(m),N2(m)
200 437 284 0.027 aHOMO-1—-LUMO+13 17 MLCT:d(n)—N2(n*)
205 4.4 282 0.023 BHOMO-6—LUMO+11 29 LMCT:amido(LP)—d(c)

[a] Oscillator strength. The threshold of oscillator strengths for transitions below 550 nm is 0.01, and

those over 550 nm is 0.002. The experimental values are molar absorption coefficients in M~'em™. [b]

The weight of the spin-adapted configuration state functions in the excited state wavefunction. [c] The

dominant configurations except for transitions to Rydberg states.
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Figure 3-14. Calculated absorption spectrum and electron transitions of the divanadium
complex. The values without oscillator strength are the maximum value of the calculated

absorption spectrum

968 nm D H T RIS v Fi, 1041 nm TEHHE X N2, SOMO 2 5 dsifliE
DH Yy TNA~Dd-dBH L L CIREI N7 . Inset DT E 372 N D Bk
X, 883 nm TRIEINAZWINDT—V v 7 LR X7z,

FH D 592 nm DIy FiF 514mm iR 5N 2 LMCT & L ClRE S 17z,
it ,é CHBELZTIFN NJEF Lol ZEFXNTH S amide(n) 2° 5
SOMO IZIZIFAEER L T 523D d:BiE D ungerade N TH % dry ~DBETZ & F
Abhd, ﬁ(&ﬁfﬁ”@%ﬁlﬂ I, ddE D gerade N TH 5 drg 2> H . No BLfiz T
Dn*- BB % b T /\/uf:‘ ungerade X{ T 2 dry ~DBHICER T 2/NX 7
N EENT W2, 432nm DY a A X — ¥ — 7 (3, de WLl 5 sl D 71 v
TIU~DEHDRAICHRKL T, —#D LMCT (. N EALT O n*ifidE
(Nan®)) SIEFLBGEICIBEAT 3 2 ik h  RINEZ KEETnw3E EEZOLN S,

348 nm DMWY v FicDn»Tld, 369nm LA CRIE I L7z 5 D D&% 0.01
UEDIREN FiEEZ2F2>b DD, 204 eV LN, H2 3.56 eV & D KW EAE 7 &
Bl o ed o7z, KERIRE)IFIRE % D 2&F 13, 321 nm DEE Z R\ 72,
amide(nz) 2*5 dSHLIE~®D LMCT & L T, 339, 330, 321, ¥ XU 320 nm 235}
BIN7z, 321 nm DEBIZ, T4 VHOBTFHELFIKTH 2720, 1ZIFF
CHAZFEOIEIEREFIE THEEI NG 23, N F P Y AEFhuL@ 4s & 4p
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s X U Na' 4 4 v Lo 3s & 3p BiEDRA % IZITFEE T, Rydberg g~
DEZICE DV RBE I D 4s HUBE~DFREKZ o 72 d g MIE D> & doBfliE~ D&
BrELRFHM T2 EBbhd, fFD L 2 A, Rydberg Filh: 2588 D RE) T-i#
FE2 @R L C v AlREMED S <L BHAE I N ¥ — 7 I ABBER A E O &
BEbnsz,

286 nm DU 1L, 348 nm DN v F 2 MR T 5B & [FIEkIC, 298, 289, 284,
B L O282nm TEHE I 72 LMCT I/l 2, 303 nm THIMA X 7z d ng 2> D No(n*)
B~ MLCT & L CIRE & hiz,

B ICBE T 2108 % Figure 3-15 I[C/R L7z, SN2 b 0 —EBFEICIC X 557
FlDOET L. No(m) B8 & KASAICHEFERAT 2 duEic IS, 2D
BINE7 &EBTFL N B Lo HE e ORITEL 2 KFEIE., V—No
AVEERL XD SMHEL, ¥ As2HED12THY, BTHHAT A LIIC, =
WG oA T EEZLND,

NAT) e ——— NG r-‘I‘
N‘-S“}-M L n=n—mi-ndd
_—————— | (. xi_ ] [ ‘”"N u
00 | N N
— [ NG A
LUMO+4 LUMO+5 —"’/-— | N_.’ M ';—N=N M —N d6
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3 — 1 3
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Figure 3-15. The orbital diagrams of the neutral and one-electron reduced p-dinitrogen
divanadium complexes, 1 and 6, for the orbitals related to the absorption spectra. The
gray lines represent orbital energies for the amide p lone-pair. The red lines represent the

d ny orbitals interacted with the N2(r) orbitals in antibonding manner.
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Fafk 1 & 6 DWLEIL, T AN F - H IIRIYIC F L w23, amide(nr)

HE CRERL X N B 85K 1 DFFEIR L 72 HOMO & HOMO-1 1. —&EBEIITIC X -
TREEIND D, drg & Nz(n*) DE OHLE L FE AR CHEER L 72, Mk
L 72 HOMO-2 & HOMO-3 | CARZEL 25, D amide(ns) BB DR E

. Na*t ofEHAFEHICX 5 4) DLEZLND,

FEIR 1 IS 3 2 BICOFE Z X LICRETT 5720, k1 BXT 6 1L T
Natural Population Analysis % F\»7z (Table3-7), & 6 Tld. V—Na & D HE A
f+ % NAO (Natural Atomic Orbitals) #&&XEIE, —BFEITICL>T 1.17 2256
1.00 3 X 1.09 ~A L CTw7e, TR, dn-Nz(Tc*) B D ANLE B L HH
MAFERAORYZRBL Cnwd, NFY Y LFLORE VEEIX, 064 53XV
048 TH Y, ¥ L 7a- A VEETH 2 1149 B LUK 1147 226 DT 2

2L T3,

Table 3-7. Natural atomic charges, spin densities, and the overlap-weighted NAO bond
orders for the V-N»-V core of complex 6.

No. charge alpha beta spin
reduced form
1 v 0.67 11.49 10.85 0.64
2 v 0.54 11.47 10.99 0.48
4 N -0.33 3.64 3.69 —0.05
5 N -0.28 3.62 3.66 —0.05
3 Na 0.92 5.04 5.04 0

overlap-weighted NAO bond order

V(1) N(4) 1
V(2) N(5) 1.09
N#4) N(5) 1.32
original
v 0.58 11.21 11.21
N -0.16 3.58 3.58
v N 1.17
N N 1.3
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INDDOFERIT, E 6 O NF VT LA, BITICX 2EF B T2 LG
LTWBZEeRRBELTHWSE, L2LARXES, —ETEITICE > T, Ny Bih+
FoaEmIZ, k1 0 -0.16 73)6%{2& 6 D —033 BLW 028 ~FNZF i
KU, NPy LG EDIEER S . #5E 1 ©+0.58 2> HHEE 6 D+0.67 ~HEK
T2, Nolitfi e 7 3 FRCHEALZ Na 4+ v OIEER 2, b NIRRT
HANF Y LHRL~DOEFHE R I, NFU Y LAHFLOEEME N
TOAEMEZINZINEMEI R LEZLNS, k6 D VN i EEHET
LM ANEH & cB TG oM T oAt BEMZ DO NJE RO RFEIC
Lo TREI N, VN a2 LWV B L, MR, vVNN)EZ R L 72 & & %
bid,

33. K

%Tﬁ'ﬁk LTRYUANEEZFREO NI T INT I VNI TF2E8 T2 TV
LEREER A B IO S 2HZICHER L, = OREER, R E . [H R

u%ﬁ"i‘%%ﬁb HOT7 NV FOEBRILZEA L7 2N F Y 7 LEREER 1,2,
B3 LKL 72, 8k 4 B X5 OHEES X BEOEMATIC X Y. 4 & 5103,
U-N B F2FEB, SON-NFEERIZ4 XV DDTrICEDr o7, $ik4 L 5
D & BRI, 10 20 BX O3 EIEFICHEBIL Tz, /2 420
JHRNEY AP —ZHET LI o TRYIUALEEDHD 3, 4, XU 5
X, TAFALEES D1 L2 L0 HEXMNMFNCLETH L Z L 2L
L7z, ZORERIZ, A4 BLO S5 OETHAFETICE T IBEONGICE
WTHRT S NH; UK (4: 191 %, 5:341%) 25, SR 1-3icB 337 vE=
TURL D b E b b L EELRBREE -7z, I, 85K 1 L BES ¢
VY LEDRIGDHIE, 78 b vAbicks T 3 KISHhEE EHEE T 8K 1 ©
F b U v LfIME (6) ZHRECE, MG D E L7z, ZOREE» L, fEike
X, 2 207 I F NJRFCREEINZF M) YL 4V Z2FiH, h-E— FTp-
N A7 F 2B AEA L T B T EZHLIC Lz, ZOHEK6 D2 DD NFY
v LA KR, BEBETRETHZ 2 &b HL I L2, DFT sHE TR, —
BEIC» 4L 2BFET I, THhEES X EHEECIIA 72?’74{{[275::1’6
KT X9, KiEARK T No(m)iulE L HEFA T 3 du $JLLL%: HELTWSZ

EhRIN LT, £, MR L LTAE L ZMHAERHR LD RFIC . VN #5323
HRT2Z2ET, NFYTVLHLEDL N, Eﬂfﬁ%«\@niﬁ{%%i‘lﬁ'w 5Tl
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N7z, THIC, ATV Y AERIER 1 O—FTEILIC X Y| Na'hs N—
N fEICHAEMN S 2 2 & T Ny Bifz - BIC BB A REF 2 41, £ DFER, N—
NAEABRL L2 ZLBHL 2 LR o7,

34.  EE

i L 723038 s X OAEIZ TR THIRO D D 2R L 72, BKAEIZ N, 72
AT HATHATZ Y 7 L=2b 0% AL, BT TdH 25 HLB 1 FaE 2 o 3Rk
FHEICLTHEKL 0,

3.4.1. JIEHER

'H (500 MHz), 1*C (125.77 MHz), '*N (60.815 MHz), >'V (131.56 MHz) NMR % ~%
7 b VHITE T X JEOL INM-ECAS500 ¥ 72 13 JEOL JNM-ECA600 FT NMR % {# F
L. BT o720 ¥ 7013 CeDs F 72 13 DMSO-ds ICIE A L T X 1, H,
BC It 2L r 7 P ZNENDBREDOKRE 7o b v — 27 2L L C
# L 72 (CeDs, 7.16 ppm ('H), 128.06 ppm ('*C); DMSO-ds, 2.50 ppm ('H)), ®N ¥ &
I3V ofbFy 7 MlE. Z 0% 3 HCONH: (—266.712 ppm (°N)) 3 X U8 VOCI; (0
ppm C'V)) ZNHEREHEL L TR L 72, WXE— A ¥ M, BvansikiC LY b
VOAFNFEOE =7 L EHL 720 FTIR A<= 27 + VHlE TlE JASCO FT/IR-
410 SN ERF 2R L. UV-vis A= 27 b AVHITE TiZ JASCO V-570 43 Y EEE
#fEH L7z, EPR A= 7 b VHIE Cld, JEOLRE-1X et 2R L 72, HIE &
i3 77K & L7z, 4270 v KRz X+ U —(3 Bioanalytical Systems (BAS)
ALS/CH Instruments Electrochemical Analyzer Model 600A %z fiF L . glassy-carbon
TEH B, Pt-wire X FEHk, %iowgmgﬁwﬁﬁabfﬂmbtoﬁmf@%
v 7 IVDOHEITEIC DN, BAAEIC T nBusNPF (TBAP) % iR L. /K THF .,
Ar FHXT. 50 mVs! @T’n?%‘ll_}“%\ FEiRTITo 72, BIL=EITENL 1T, Fe/Fc*
([Fe(CsHs)2)/[Fe(CsHs)a]) @1 7 (Eip=64mV, AE=81mV)ZH#EL L CH
HL 7,

342 HBES<v <7 ML

HIE 7 <y 2227 FPAHEER., MIEERTHAL 72 CCD Hiid (CCD-
1024x256-OPEN-11S, HORIBA Jobin Yvon) 1200 grooves/ mm D1 77 7 4 v 7
B TEZE2 I moy v 7 LK) 7 a2 —% (MC-100DG, Ritsu Oyo Kogaku)

67



#H\WwTiT o7z, Nd:YAG L —¥# — (Photonic Solutions, SNV-20F) I X - T 10
mW @ 335nm DR % | FER L — % — (Verdi, Coherent) 1T X - T, 15mW
® 532 nm OEER %57, TXTCOY Y 7 i3-30 °C DEllEL L E VT
HE Lz T~V 7 FiE3A VT VIT ko TRIE @37 £1lem) L72,

3.4.3.  HER XGRS RS

BER 4 o X MRIEPT T — & id. X BRFEESS Incoatec ¥4 708 7 F—H AL —)L
F 2 — 7 (1pS) B X UK &% Bruker PHOTON 100 % {i§ X 7= Bruker AXS
VENTURE % FH\WCIUEE L 72, WINAHIEIX. SADABS C#:-D < multi scan 3% 1T
L o TIT 2 728, ShelXTP! % v TS % fif % . BrukerAPEX3 ¥ 7 F 7 =
T Ny =YL CREEL 2, #EIX. EEEE (SIR2008)1 ik o T
g, 7— V) 2 FERHHL CIRR L 72, IFKFRTF IR T EZ b 724,
KFERT 1. riding model Z{HH L 7z, HPEEFEGELEREE Cromer & Waber 2>
7=, BESEIR I Fad'Y IC& 41, Dr& DeDfE(T Creagh & McAuley
DIETH 515, ¥ 7=, HEIFFERBDAEIL Creagh & Hubbell DETH 51, 4
N TOFHE L. SHELXL-97 ZfiHl L TEITI 2 BE A Z RV T,
CrystalStructure!!”! #fif Y 7 b v = 78y =V R L TR%(L L 7=,

3.4.4. Tris(4-methylbenzylaminoethyl)amine (HsLMB") &%

AVTFATATFE PR 4 XAFARYIALTATE FICEEHZ, @BEDOL
Mk % &1 L TR H3LEB 2 &L 72 (yield 93%)7, % 7=, HiHEBIT~F
yrvoffbhicyzFrz—7 A%, FTLIR (ATR, v(em)): 3283 (N-H),
3019 (aromatic C-H), 2918, 2808 (aliphatic C-H), 1449 (aromatic ring). '"H NMR (500
MHz, Ce¢Ds, 298 K): & (ppm) 2.16 (s, 9H, Ar-CHs), 2.41 (t, 6H, NH-CH,-CH>), 2.56 (t,
6H, NH-CH,-CHa), 3.68 (s, 6H, CH>-Ar), 7.02 (d, 6H, 3,5-H), 7.26 (d, 6H, 2,6-H).
BC{'H} NMR (125.77 MHz, C¢Ds, 298 K): & (ppm) 21.7, 48,2, 54,7, 55.2, 128.9, 129.0,
129.8, 136.7, 139.1.

3.4.5.  [{VLE"L(u-"*N2)| 4) DERK

20mL ¥ = L v 7 %I H3LB (100 mg, 0.240 mmol) & EtO(10mL) Z#fiz. &
FEHEMXK T T -78°C £ THHIL 72, T AT n-butyllithium (0.27 mL, 0.72 mmol, 2.6
M in hexane) Z >V v Thlx, -78°C T 15 02X iRE7-, KGEAEYZER
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FCAmL. ZOFEFERT IR ZELE, HUOZOEAYEZ —78°C ITlm

#IL. VCI3THF; (89.7 mg, 0.24 mmol) %Mz 7z, RICIEREYI % ElE CHEL.

— WA & R 7z, IR R A L SREYIC ERO (10 mL) % Al 2 G & L 7z,

COBERZ T4 P EHWTABEL, BoN0 A% -35°C DmHENICH:
BT 5 LIk o CREEBEDHMMEZIF7 (53 mg, 46 %), 'HNMR (500 MHz, C¢De,
298 K): & (ppm) 2.13 (t, 6H, NHCH>- CH>), 3.00 (t, 6H, NH-CH>-CH>), 5.26 (s, 6H, NH-
CHa-Ph), 7.20 (t, 3H, 4-H), 7.29 (t, 6H, 3,5-H), 7.51 (d, 6H, 2,6 -H). *C{'H} NMR
(125.77 MHz, CsDs, 298 K): & (ppm) 53.7, 56.6, 69.5, 126.9, 144.7. 'V NMR (131.56
MHz, CsDs, 298 K): 8 (ppm) —232. FT-IR (KBr, cm™): 3076, 3056, 3019, 2894, 2849,
2808, 1599, 1490, 1448, 1431, 1351, 1341, 1330, 1308, 1263, 1243, 1189, 1136, 1116,
1084, 1052, 1023, 974, 924, 907, 887, 847, 797, 745, 700, 659, 642, 590, 553. EPR
(THF/toluene, 77 K): silent.

3.4.6.  [{VLBE"(u-5N2)] 4*) DERK

20mL ¥ = L v 7 %I H3LB (100 mg, 0.240 mmol) & EtO(10mL) Z#fiz., &
FEHEMK T T -78°C £ THHIL 72, T AT n-butyllithium (0.27 mL, 0.72 mmol, 2.6
M in hexane) Z >V v Thlx, -78°C T 15 02 ¥ iRE7-, KGEAEYZER
FCHIML., 20 F T 1 K2 X R, KIGREVZRIERMEL. 2hic T
TV EANTY VI LZERO (10 mL) ZM A7z, TORGYZ —78 "CITHHAIL.
VCI3THF; (89.7 mg, 0.24 mmol) % Ar HZEPR N CTIMA 7z, MR 728, 2L v
BND Ar % PNy ICE L 72, RIGEGY ZEiRE CTHIm L. W 2R 7,
ZORICEREGEY %, €74 PEHAVWCABEL, {BoN7AE —35°C DEHHE
WICFHE T 5 2 LI X o CRRE ORI %1372 (28 mg, 24 %), FT-IR (KBr,cm™):
779 (v(V-N)).

3.4.7.  [{VLMeBn, (1 14Ny)] (5) DERK

H3LB DX 0 1 HaLMeBn 2 i L .4 & 6] U5 CER S AL 72 (52 %),
'H NMR (500 MHz, C¢Ds, 298 K): & (ppm) 2.11 (t, 6H, NH-CH,-CH>), 2.25 (s, 9H, Ar-
CH3), 3.01 (t, 6H, NH-CH,-CHa), 5.25 (s, 6H, CHa-Ar), 7.06 (d, 6H, 3,5 -H), 7.39 (d, 6H,
2,6 -H). '*C{'H} NMR (125.77 MHz, C¢Ds, 298 K): & (ppm) 21.9, 53.6, 56.6, 69.2, 129.1,
129.6, 135.7, 141.9. 'V NMR (131.56 MHz, CsDs, 298 K): 8(ppm) -229. FT-IR (KBr,
cm™): 3091, 3041, 3013, 2996, 2959, 2896, 2851, 2816, 2791, 2661, 1509, 1442, 1375,
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1347, 1323, 1306, 1285, 1235, 1189, 1172, 1140, 1131, 1110, 1062, 1054, 1038, 1019,
982,961, 937,918, 879, 846, 833, 816, 803, 790, 743, 704, 672, 663, 646, 628, 585. EPR
(THF-toluene, 77 K): silent.

3.4.8.  [{VLMeBn, (1 15Ny)] (5°) DAEAK
HLB DD D IC HsLMB 2 i L 4 L Al U HE TR S Z A L 72 (39 %),
'SN'NMR (60.815 MHz, C¢Ds, 298 K): & (ppm) 27.1. FT-IR (KBr, cm™): 780 (v(V-""N)).

3.4.9. Na[{VLB"}(u-N2)] (6) DAL

$E4A 1(10mg, 0.013 mmol) 1TV & ¥ (6mL) ZIMzZ. HICATA R L4
JE7F bV 74 (1.5mg, 0.066 mmol, 5 equiv.) ZMA7z, ZDRAEYZ —MERT
WML P ERE 2, DL ZFHEBRO OO LIROIC TR 272, TOIGRAGY)
.2 I7A PERHCTABL, 575 % 2 HREL -35°C O%HE CHHE L
7= (yield 5.2 mg, 50 %), FT-IR (KBr,cm'): 2948, 2864, 2793, 1457, 1446, 1377, 1362,
1339, 1289, 1282, 1252, 1112, 1108, 1051, 950, 918, 846, 806, 773, 749, 669, 652, 590,
521.

3.4.10. Na[{VLBu},(u-"5N2)] (6°) DEHK
ArFEHRATC1OfRbVIC UV ZERHL, $ik6e LRI TETHEEKRCELGKL
7z (yield 43 %), FT-IR (KBr, cm™): 812(v(V-1"N)).

3401, B4 B IS5 ICBITIMMERESTDO 7 b vk

20mL D ¥ =2 L v 79T THF (5 mL)ICIED L 7232 JCH] (M[CioHs] (M = Na, K)
(1.06 mmol) % Ml 2. & 5T THF IC{AD> L 72 §&{K 4 (10.0 mg, 1.04 X 102 mmol) %
Mz 7z TORBERZ-T8°CICETHAIL, 1 K2 2B, chicF e b
LA (1.06 mmol)Z Mz, LK 22X Rz, THZ=RICETHE L., 1 K
M2 &R, B L CAEEZIY Rz, ZOREYEY T F LT —T LT
e L, KICIED»P L7z, €74 P2 BLTABEL, (SOoNTA2KEZEMT 5
ZeTTvEZLERECAOOREERER Tz, FROHIERICX > TEE 5 205
7vEoy LR EDHBOEKRETS 2 (Figure 3-12),
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3412. 'HNMR iCXB3T7 VESV LA FVDER

TYEZYVLAFVOERITBEICREIN TV B ETIT- 72, 7u b
vtic k o T L - A A% DMSO-ds ICIAD L. 2,5-dimethylfuran D & =
VHE (8:5.83 ppm, s, 2H)ZFEHE (1.00X 102 mM)& LCT VE= Y LA F VvV EIE
i L 7= (Table 3-8),

NH,*
f_/%

1JNH =51 Hz

) H H
{1 >
75 70

6.5 ~ e0 = 55
Chemical Shift / ppm

Figure 4-12. "H NMR spectrum of '“NH," that was obtained from the reaction of 4 with 80 equiv.
Na[CoHs] and 80 equiv. [LutH](OTf) under '*N, (DMSO-ds, 500 MHz). Chemical shifts are
shown versus DMSO-ds (2.50 ppm).
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Table 3-8. Quantification of [NH4]" as obtained by the protonation of bridged dinitrogen ligand in 4
and 5 by '"H NMR titration method.

Yield@l / %
(integration)®!
14 (0.24)
HOTf 14 (0.22) 13
11 (0.17)
73 (1.18)
62 (1.00)
67 (1.08)
77 (1.23)
66 (1.05)
50 (0.8)
193 (3.09)
[LutH](OTH) 190 (3.04) 191
190 (3.04)
HOTf 45 (0.67) 45
44 (0.65)
Na*[C1oHs]* 156 (2.30)
[LutH])(OTf) 108 (1.60) 127
116 (1.72)
47 (0.70)
HOTf 46 (0.68) 49
K*[C1oHs]* 54 (0.80)
331 (4.89)

[LutH](OTH) 350 (517) 341

Conditions: All reactions were carried out in THF under N, at room temperature. Concentration: [complex] = 1.33 x 102

complex  reductant proton source yield (av.) / %

Na*[C1oHs]*

[LutH](OTY) 67

HOTf 64

K*[C1oHs]*

M, [2,5-dimethylfuran (std)] = 1.04 x 10" M. 2@Yields are based on a vanadium ion. ®The integration values of NH,*

are shown toward the vinyl protons of 2,5-dimethylfuran (2H).
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I

3.4.13. DFT &

TRCOBTREEHE DO EIR, BiED 1 0FELFE L TdH 38, FEINBEK

afi (DFT)i% 1%, BP86!tel 2R L 72, &R T IC i X 4L 7= LR % I, V0]
& NRoed i3 6-311+G(d). Nal?*l Tl 6311G(d). C F X O HP%el 1 DiE,
6-31G(d) Td - 7z, Evans {5 TR® f:ﬁ?ﬁ%—x v bR 6 ORHEIL S=1/2
DIRFE T L & L7z, IREVD R, ok S =gz ALz, g7~
Vﬁﬂ%ﬁm\ﬂ3ma®kﬁ%ﬁ§@%%éntoﬁ%%ﬁ%ﬁ%%ﬁ@%
(TD-DFT) #t&EN ZfEH L <, ETEBOWIEZHI D 4T, Bz
727 B OHERICE] ) 24T % 72 ® 1T, Natural Transition Orbitals (NTO)??! %
AR L7z, &R & A Y VvE R, 5 X U Natural Atomic Orbitals (NAO) D A —
N—Z vy TINEAEANER X, Natural Population Analysis # 5817325 Z &I X - T
SR I NP, FRCoBE TG R IL, Gaussian 16, U €Y a v B.01R24 & ff
AL CETI N, Tl FEMER I, HihERAERE ¢ v 2 —og
CX400 ¥ A7 LG MOPLOT & X U MOVIEW 7' 1 7' F ARS] Z{FiF L C fifijf X
N7z, BHED T~V A7 b )L & UV-vis A7 b Lld, Windows XP A =L — 7
4 VY AT LT SWizard ¥V 7 b7 = TR BfERA L CEFEL 72,

3.5,  ZE

[1] a) U.J. Kilgore, C. A. Sengelaub, M. Pink, A. R. Fout, D. J. Mindiola, Angew. Chem. Int. Ed. 2008,
47, 3769-3772; b) 1. Vidyaratne, S. Gambarotta, I. Korobkov, /norg. Chem. 2005, 44, 1187-1189; c)
S. Hao, P. Berno, R. K. Minhas, S. Gambarotta, Inorg. Chim. Acta 1996, 244, 37-49. ; d) P. Berno, S.
Hao, R. Minhas, S. Gambarotta, J. Am. Chem. Soc. 1994, 116, 7417- 7418 ; e) Y. Sekiguchi, K
Arashiba, H. Tanaka, A. Eizawa, K. Nakajima, K. Yoshizawa, Y. Nishibayashi, Angew. Chem. Int. Ed.
2018, 57, 9064-9068; f) G. Liu, X. Liang, A. Meetsma, B. Hessen, Dalton Trans. 2010, 39, 7891-
7893; g) R. Ferguson, E. Solari, C. Floriani, A. Chiesi-Villa, C. Rizzoli, Angew. Chem. Int. Ed. 1993,
32,396-397; h) N. C. Smythe, R. R. Schrock, P. Muller, W. W. Weare, Inorg. Chem. 2006, 45, 9197-
9205; 1) C. Woitha, D. Rehder, Angew. Chem. Int. Ed. 1990, 29, 1438-1440; j) D. Desmangles, H
Jenkins, K. B. Ruppa, S. Gambarotta, Inorg. Chim. Acta 1996, 250, 1-4; k) S. Groysman, D. Villagran,
D. E. Freedman, D. G. Nocera, Chem. Commun. 2011, 47, 10242-10244; 1) J. J. Edema, A. Meetsma,
S. Gambarotta, J. Am. Chem. Soc. 1989, 111, 6878-6880; m) J.-I. Song, P. Berno, S. Gambarotta, J.
Am. Chem. Soc. 1994, 116, 6927-6928; n) 1. Vidyaratne, P. Crewdson, E. Lefebvre, S. Gambarotta,
Inorg. Chem. 2007, 46, 8836-8842; o) R. Ferguson, E. Solari, C. Floriani, D. Osella, M. Ravera, N.
Re, A. Chiese-Villa, C. Rizzoli, J. Am. Chem. Soc. 1997, 119, 10104- 10115; p) B. L. Tran, B. Pinter,
A. J. Nichols, F. T. Konopka, R. Thompson, C.-H. Chen, J. Krzystek, A. Ozarowski, J. Telser, M.-H.
Baik, K. Meyer, D. J. Mindiola, J. Am. Chem. Soc. 2012, 134, 13035-13045; q) J.-K. Buijink, A.
Meetsma, J. H. Teuben, Organometallics 1993, 12,2004-2005; r) D. Rehder, C. Woitha, W. Priebsch,

73



(9]
[10]
[11]

[14]
[15]

[16]

[20]

H. Gailus, J. Chem. Soc. Chem., Commun. 1992, 364-365.

For examples, see: a) R. R. Schrock, Acc. Chem. Rev. 1997, 30, 9-16; b) C. C. Cummins, J. Lee, R.

R. Schrock, Angew. Chem. Int. Ed. 1992, 31, 1501-1503; ¢) C. C. Cummins, J. Lee, R. R. Schrock,

Angew. Chem. Int. Ed. 1993, 32, 756-759; d) V. Christou, J. Arnold, Angew. Chem. Int. Ed. 1993, 32,

1450-1452; e) A. A. Naiini, W. M. P. B. Menge, J. G. Verkade, Inorg. Chem. 1991, 30, 5009-5012; 1)

C. C. Cummins R. R. Schrock, Inorg. Chem. 1994, 33, 395-396; g) C. C. Cummins, R. R. Schrock,

W. M. Davis, Inorg. Chem. 1994, 33, 1448-1457; h) Z. Duan, J. G. Verkade, Inorg. Chem. 1995, 34,

4311-4316; i) K. Nomura, R. R. Schrock, W. M. Davis, Inorg. Chem. 1996, 35, 3695-3701; j) J. S.

Freundlich, R. R. Schrock, Inorg. Chem. 1996, 35, 7459-7461; k) C. Rosenberger, R. R. Schrock, W.

M. Davis, Inorg. Chem. 1997, 36, 123-125; 1) N. C. Smythe, R. R. Schrock, P. Muller, W. W. Weare,

Inorg. Chem. 2006, 45, 7111- 7118; m) J. Pinkas,B. Gaul, J. G. Verkade, J. Am. Chem. Soc. 1993, 115,

3925-3931; n) W. Plass, J. G. Verkade, J. Am. Chem. Soc. 1992, 114, 2275-2276; o) C. C. Cummins,

R. R. Schrock, W. M. Davis, Organometallics 1992, 11, 1452-2276.

Y. Kokubo, C. Yamamoto, K. Tsuzuki, T. Nagai, A. Katayama, T. Ohta, T. Ogura, Y. Wasada-Tsutsui,

Y. Kajita, S. Kugimiya, H. Masuda. inorg. Chem. 2018, 57, 11884-11894.

V. R. Chintareddy, K. Wadiwa, J. G. Verkade. J. Org. Chem. 2009, 74, 8118-8132.

A. W. Addison, T. N. Rao, J. Reedijk, J. van Rijn, G. C. Verschoor, J. Chem. Soc., Dalton Trans. 1984,

1349-1356.

a) D. F. Evans, J. Chem. Soc. 1959, 2003-2005; b) S. K. Sur, J. Magn. Reson. 1989, 82, 169-173.

V. R. Chintareddy, K. Wadiwa, J. G. Verkade. J. Org. Chem. 2009, 74, 8118-8132.

Absorption correction: G. M. Sheldrick, SADABS, Program for Empirical Absorption Correction;

University of Gottingen, Gottingen, Germany, 1996.

Sturecture solution ShelXT: G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv. 2015, 71, 3-8.

Refinement: SheleXL, G. M. Sheldrick, Acta Crystallogr., Sect. C, 2015, C71, 3-8.

Software package from data collection to structure solution: APEX2; Buruker AXS Inc., Madison.

WI, 2014.

SIR2008: M. C. Burla, R. Caliandro, M. Camalli, B. Carrozzini, G. L. Cascarano, L. De Caro, C.

Giacovazzo, G. Polidori, D. Siliqi, R. Spagna, 2007.

D. T. Cromer, J. T. Waber, International Tables for X-ray Crystallography, Kynoch Press,

Birmingham, UK, 1974, vol. 4.

J. A. Ibers, W. C. Hamilton, Acta Crystallogr. 1964, 17, 781.

D. C. Creagh, W. J. McAuley, International Tables for Crystallography, Kluwer, Boston, 1992, vol,

C, Table 4.2.6.8, pp. 219-222.

D. C. Creagh, J. H. Hubbell, International Tables for Crystallography, Kluwer, Boston, 1992, vol. C,

Table 4.2.4.3, pp. 200-206.

CrystalStructure 4.0 - Crystal Structure Analysis Package, Rigaku Corporation (2000-2010), . Tokyo

196-8666, Japan.

G. M. Sheldrick, Acta Cryst. 2008, 464, 112-122.

a) A. D. Becke, Phys. Rev. A: At., Mol., Opt. Phys. 1988, 38,3098 —3100. b) J. P. Perdew, Phys. Rev.

B: Condens. Matter Mater. Phys. 1986, 33, 8822 —8824.

a) A. J. H. Wachters, J. Chem. Phys. 1970, 52, 1033 —1036. b) K. Raghavachari, G. W. Trucks, J.
74



[21]
[22]
[23]
[24]

Chem. Phys. 1989, 91, 1062 —1065. c) M. J. Frisch, J. A. Pople, J. S. Binkley, J. Chem. Phys. 1984,
80, 3265—3269. d) R. Krishnan, J. S.Binkley, R. Seeger, J. A. Pople, J. Chem. Phys. 1980, 72, 650
—654. ¢) A. D. McLean, G. S. Chandler, J. Chem. Phys. 1980, 72, 5639 —5648. f) W. J. Hehre, R.
Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56, 2257 —2261. g) P. C. Hariharan, J. A Pople, Theor.
Chem. Acc. 1973, 28,213 —222.

A. Dreuw, M. Head-Gordon, Chem. Rev. 2005, 105, 4009 —4307.

R. L. Martin, J. Chem. Phys. 2003, 118, 4775 —47717.

A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985, 83, 735-746.

Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V.
Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F.
Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng,
A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J.
J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,
C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and
D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.

a) H. Wasada, Y. Tsutsui, Bull. Coll. Gen. Educ. 1996, 33, 145 —158. b) 1. Takahashi, H. Wasada, Y.
Tsutsui, MOVIEW: Program of Nagoya University Information Technology Center Representing
Molecular Orbitals and Electron Density Maps by Isosurfaces.

S. I. Gorelsky, SWizard program, revision 4.6; http://www.sgchem.net/.

Hill, P. J.; Doyle, L. R.; Crawford, A. D.; Myers, W. K.; Ashley, J. Am. Chem. Soc. 2016, 138,
13521-13524.

75



554 2
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41. #S

ENEE T rRER2EM LT 2RICiZ, REL h2ERr T+~
DIRICE T #5320 08 k5720, POLBEOETEE, LK &FED
Bix EOHERZ T Thl, EFnTOERSEL~ORMKEXDEELEZEZ D
hpll238l ER T owE E~DRAERR & L CTid. Chart 4-1 ISR HRIC, H
¥k X 0% EER R L~ side-on (n?) % end-on (n') T— NiC X A7 1)
T L2 BlEEEBH 5 2 & T, side-onend-on(m*:n!) LW IHMHDE—F
T 2b0°, =P OV zps-ntintn! X Fus-ntinkind PO
FHO -0k RERREI LTV 2 2 0BERS T OEREE~
DEHIAR DE N 1T, RICTEICH BT 202, Lo L, EF0 T IIEFICRE
P72 ®  RARMNCEAIER R 2 2L X &, #EESL S & oL RE1HE %
N5 LI ICNEETH 5,

End-on Side-on En d-on
Side-on

Mononuclear M—N=N
M—N=N—M M/m\ NéN\
Dinuclear \N/ M/ \M
ben '’ u-n’m? p-n'm?

M_N—_ M—N=N—M
il \/

Trinuclear
us-n*m’m? u3-n':n2:n'
/\
M—N=N—M
Tetranuclear \/
M
ugn'mimZm!

Chart 4-1. Binding mode of N2
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I3 % T end-on £— FCHEUEGHLNL L 72 “E RN 752D DM F V7 L5
KO BZER L TE 2, EREOVIRFEEZ X HICKE{F 52 LT endon
E—FO BRI 2 OHKERIHEADO AL D AREIC R 2 DTILEFE X 72,
Z LT, Z2RORMERNOEICLIKIGHEDEVICOVWTHL LT L L%
ARKEOHBE L7,

A ClE, NV OAFERPERLE LS NI T I N7 I VT2
T2 2 BEOANF VY LEREBEROLGK, o 0L ENEEEE, LW
BICAIFE FIcB I 28 & DG, X 51CiE, BR L DG IC B W TR & # 2
bha{bEMoaR, HiE, &, B XUDFTHEIC X 2B G osHMIico
WOz, Z OFER, RV O VB R BT O EHAEL & L TR O BRI,
FRALB TG IC B W T T A F L E 2 4 Ok X 0 QSR EERE L. T DR
WEEWS 7 a b ACICERITE 2 BbdoTz, 2. RV I NAFEKEE
ALThH, FERLOBEBMENSKREZ T XL, BLoGicBWT, 7u b /AL
FUHTFCLE W, 7 b bt X o TELEZ T v E=TONEPIET T2 2 &
DL IC LTz, Tb ORI, #Y) A ERE OFERD, KRICEWTIEARE
HETHLILEZRLTWS, L2l KRBT ZEBEMR LML 57201
X, FEEEFEDRL, LIS OFHEOERIEZEA L, £ o, &
THIFERICOWTHAL T T 3 RE LD B,

2EB I3 ETI P VEROER N R ICHEBEREE O K & @il
ZBANT 20T R AFLvERE C L CURESZEZI A RO
REFET L ERITo, 2L, AETIZ, L Y BROKRK N JFHT-
FichEFcoRRECTIE AL EZWRFLZEAT L2 LT, &FH0CLy
WENALE IS ARREEZ R L, cnFE L3R Ao 2EMEEE b D8k % i
i L. Z ORGP S RITTHEIC OV TG T 5 2 L2 HIY
L7,

ZOHMITH L, FAlE. P LY EKO R N R RIC=RKFEL S OL4 VT
o YL (Pr), 3-_* YV F A (Pen), Y7 u~F AT (Cy,CH) %%
NFNEATEIEEBEZT-, iPr ETIE=EHKRE I AF AR, Pen Tl
SRRk EIC T FARED, £72, CyoCH TR =MRFE Ry 7a~F 9 VB
BENEN2 DT ODEAINLREL 5, 2o 3IBHEORN 71X, Eiko
A XBRFEICEBIN T LT TR, 3 BESTETAIAED 0,
BRHRIEUL TS, 22T, INLOEWREAFFO MYV T IFT I VEL
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{7 (H3LR, R =iPr, Pen, CyoCH) (Chart 4-2) # ZNZNHEfH L. b DR
TERHOCTAF VY LR ER Z{To72, £72. TNFETOELFEKIC, &K
L7enNF oy LRz BICAIFEE T, B OCIH728 A, TnETL 3R
RLEBEGT2, RETIE, 25D F VY LHEROER, &, BX UL
PHHEEEZHEL P ICT 2L LI BEORIGICENWT, ZNETE IR AL-
FHERERTCLICh o -BEHICOWT S, S RHi2 SHS 20 L 7=,

H H R
R/N\/\N/\/N\R
HN\R I | Y
iPr Pen Cy,CH
H3LR y2

Chart 4-2. Structures of Ligands

42. FERLEER
42.1. K¥g N FFICE=ZBRB[EF/FOVIT IV IVERIFLE 2R 2RV
72N F I LR O AR

K N R B =R B2 Fo 3D b L v FFEK HLR (R = iPr, tris(2-
isopropylaminoethyl)amine), R = Pen, (tris(2-(3-pentylamino)ethyl)amine), R = Cy>CH,
tris(2-dicyclohexylmethylaminoethyl)amine) % F Y 7 I F7 I vidfi & L CH
W70, BIEZSZICHR L 7250, BUAr+ HaLPr & HaLPe (338 B (B DR
L LTAELN, HLOYCH I ofife LTEbhk, {oT XTORML
T3, 'HNMR, PBCNMR, BLXUF IR A7 bAICX WV REEEI Nz, TTD
BeAZ T H3LR (3 n-BuLi IC X o Tl 7 v b b &, NF V7 LEERDOEKD 72
HOPYTIFTIVEAMTELTERINE,

N FEFHA T, VF bz Y 7 I V7 2 vl LisLR(R=iPr. Pen, &
X Y Cy,CH) & VCI13(THF); & D KIGIC X 0| iPr,Pen Z &L L L T2 b D2
Hld. TNENMEAF V7 Luli b OEREEER (VLR 2A(u-N2)] (R=iPr (7),
Pen (8)) 75, Cy.CH ZiE#ak & L CHROD D26 ld, NS Vv L6EK
[V(LO2CH) (9)] 5315 5 417z (Scheme 4-1), #HA 7 & 9 IXMEHREOOFEME LT, #4
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R 8 IIEERAOEMmE LTEoN, 2o DRIE. o FHATICEWTIL
HETH DD, P TIEnEL 7=,

NN \<N
H 3 eq. n-BuLi ( |/§
N \(R > VCI;THF, \|/ -N=N=V—N
R 3 in Et,0 under N2 k/ 7\ [< \/

Cy
N 3 eq. n-BuLi CV)\ >’Cy
cy VCI;THF; Cy—7\ N N
N \( . - < N'V
in THF under N, Cy \
Cy 3 \ N

Scheme 4-1. Syntheses of 7, 8, and 9

4.2.2. A7 L 8 OofEREE

AT & 8 D, KM YT A — X % Table 4-1 1T, #ifbiEiE % Figure 4-1 1T
N7z, ¥, ERMGARE AR %L Table 4-2 IR L7z, #8587 & 81%. 74K
EEDORE WEIRIL D /- D ICHE DNV Y LEEKTH 5 & TA L 7225, end-on
T— FCEZRDTOIHE ﬁmub%gﬁw»%/vAﬁ¢f%5 Lbrol,
PR 7 L 8 DNF VY AU Y OECAIFGE I, 1ZIETER D T\ =7 S
(t=1.0(7). 1.0(8))(Figure4-1) T - 7=, #@7&8@N—N% EiX. zh
F12194)& 1.2263) ATHY, 8O N—NHAREIF., 75X U 1-51CH1F3
N—N AR LD DT IR - 250, §K 7 oNF Uy Lh0LHE Y ofEs
RlZZ N Z 1 V—Nn2 = 1.7647(18). V—Namido = 1.896(2). 1.9123(14). 1.9123(14),
F LY V—Namine=2.1732) ATH V., $EE 8 DAF T 7 i ) OFEARIZ
ZNF N V—Nn2=1.7935(14) A, V—Namiso =1.9276(16). 1.9284(16). 1.9234(16)
A, BXT V—Numine - 2.1854(16) ATH o722 L h b, HEk 8§ DNF L7 Lrh
DY DGR 7 TV ELS o TCWB I ERHL o7z, BEIKT D
Space-filling € 7 /L & 8 ® Space-filling €7 /L & % LT 25 &, <~V F I (Pen
By BA Y Tae sl (Pr ) K0 b NFO v AL e RESHATH R, C
NoDZ b, AT XS 8 DB ANFUY LHLEY OFEEVRREL o
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72old, PITIFTIVEMTOT IF NJREFIHEAL TS T LFLEHR
HEDVERFEVPRKE WD TH L LEEZ LS (Figure 4-2), L7zh> 7T, H
BN oy Lk Db, B L 2EO T BBICKED 720, TXTD
BERPESRoTwd eExbNE, EE V--VHE#HE, 3207 I VK
TFIC kB E N F YT LA F v L ORERET, $5R 7 ODEEICIE 4.7482(8) B &
8 0.3055(12) A, 8 DIAITIZ 4.8128(7) F X 11 0.3495(10) A TH Y., 8Dz >
DR RoTWiz, ZOMRIZ, $A8 D NF VY LA F v s Ny Behz 7l ~ X

DIBLBIEMfITONTVWE T EEREL TS,

WRTBX 8D oL TI1d. MV 7 I K7 I vEALT DK N JE T F i
T 2 AT VEBRROKFKRE T L OMOKEMAEIC Lo TRENIN T D L
EZ BN (7:CHNny=2488(av.). 8:2.611(av.) A). ZDMHAMERIZ, Bk
EEDOERICDAE LT B a[EEEL S 5,
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Table 4-1. Experimental Data for X-ray Diffraction Studies on Crystalline Complexes 7,

8,9, and 10
compound 7 8 9 10
Formula C30HesNi1oV2 | Ca2HooN10V2 | CasHgiNaV | CesHi2sKNeOsV
formula weight 668.8 845.86 729.07 1219.87
crystal system Orthorhombic | Monoclinic | Monoclinic | Monoclinic
space group Cmca C2/c P2i/c P2i/c
a[A] 15.9064(4) 16.8740(6) | 10.8057(2) | 13.9446(3)
b[A] 12.2273(4) 19.0029(7) | 20.5056(4) | 22.9058(4)
c[A] 19.1253(5) 14.4824(5) | 19.1296(4) | 22.4762(4)
o] 90 90 90 90
L] 90 91.324(6) 97.359(7) 99.918(7)
7] 90 90 90 90
V [A%] 3719.72(18) | 4642.6(3) 4203.77(16) | 7071.9(3)
Z 4 4 4 4
temp [K] 173 173 173 173
A[A] 0.71073 0.71073 0.71073 1.54178
peale [g cm™] 1.194 1.21 1.152 1.172
u [mm'] 0.536 0.444 0.271 2.215
No. of reflections 17179 22176 39808 12841
No. of independent | 2191 5308 9593 12841
reflections [R(int)] (0.051) (0.071) (0.042) (0.047)
No. of parameters 121 250 451 846
Ri(I>20(1)) 0.0408 0.0442 0.0435 0.0616
wR>(all data) 0.0878 0.0972 0.043 0.1651
Goodness-of-fit on 1.083 1.03 1.035 1.031
2
Largest diff. 0.38/-0.22 0.54/-0.22 0.32/-0.38 | 0.565/-0.561

peak/hole [e A™]

[a] R1 = X|[Fo| - [F|| / Z[Fo| for Fo > 2s(Fo). [b] wR2 = [EW(Fo*-F?)?/Zw(F*)*]"2.
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Figure 4-1. X-ray structures of 7 (left) and 8 (right) with the atom numbering scheme
(50% probability thermal ellipsoids). Hydrogen atoms except for the hydrogen on the
methine carbons and disordered atoms are omitted for clarity. The atoms with superscripts
1, ii, and iii in the structure of 7 are related to the atoms without them by symmetry
operations (x, 1 —y, 1 —2z),(1 = x,1 -y, 1 —2z),and (x, 1 —y, — z), respectively. The
atoms with and without superscript i in the structure of 8 are related to each other by

symmetry operation (1/2 —x, 3/2 —y, 1 — z).
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Table 4-2. Selected bond lengths (A) and angles (deg) for 7 and 8.

7lal
V1-N2 1.7647(18)  V1-N3 1.896(2) V1-N4 1.9123(14)
V1-N4! 1.9123(14) VI-N5 2.173(2) N2-N2! 1.219(4)
V-9V 4.7482(8)
N2-VI-N5 178.98(9)  N2i-N2-VI 178.1(3) N2-VI-N3  98.08(9)
N2-VI-N4  99.78(5) N2-VI-N4'  99.78(5) N3-VI-N4 116.68(5)
N3-VI-N4' 116.68(5)  N4-VI-N4' 119.08(10)

[l
V1-N2 1.7935(14)  V1-N3 1.9276(16) V1-N4 1.9284(16)
V1-N5 1.9234(16)  VI1-N6 2.1854(16)  N2-N2 1.226(3)
V- Vi 4.8128(7)
N2-VI-N3 101.91(7) N2-VI-N4 100.01(7)  N2-VI-N5 99.43(6)
N2-VI-N6 177.75(7)  N3-VI1-N4 116.88(7) N3-VI-N5 116.43(7)
N3-VI-N6  80.34(6) N4-VI-N5 117.04(7)  N4-VI-N6 78.74(6)
N5-VI-N6  79.57(6) N2i-N2-V1 177.80(19) N5-VI-N6 -

[a] The atoms with and without superscript i in the structure of 7 are related to each other
by symmetry operation (X, 1 —y, 1 — z). [b] The atoms with and without superscript 1 in

the structure of 8 are related to each other by symmetry operation (1/2 —x, 3/2 -y, 1 —z).
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Figure 4-2. Ball and stick (top) and space-filling models (bottom) of 7 (left side) and 8
(right side).
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4.2.3. 5tk 9 DiEAEE

FEAR 9 DL EEIE % Figure 4-3 I8 L, A X7 X — X % Table 4-1 I8 L
7o F72, EABARELEAM% Table 4-3 1R L7z, $5A9 11X, 7L U8 &
IR Y, BRI TF 2R WHEBO AN Oy LR TH o7z, N F VT L
A A v b O BCAIAEE |3 = A HERSE . [LO2CHP D Namine (N5) D SOHHNIC 22 4
4 FEH o T2, VI—N3 (1.9433(12) A) I X ' VI—N4(1.9593(12) A) FEEiE.
VI—N2 fi&r (1.9281(13)A) LW bR o Tk, T, Y Zu~Fn
AFNED 7 a~F 3 VEROVAARKFEIC LD, VI-N3 B XU VI—N4 [HD
EADRTHD LN TH S, HIK 9 D V—Namido i eI D) (1.9436 A) 1%,
B4 2 P Y7 I N7 I VBN FZR2 5T Y Y LK [V(BuMeSIiN)3N]
(V—Namido=1.930(av) A) £V b E» o720, ZOFERIZ, ko 7 u~*
VO RAFNHD BuMeSi H LD B RELVERFEE DT L ERLTY
%,

V- Y
N

Figure 4-3. Side (left) and top (right) views of X-ray structure of 9 with the numbering

scheme (50% probability thermal ellipsoids). Hydrogen atoms were omitted for clarity.

Table 4-3. Selected bond lengths (A) and angles (deg) for 9

9
V1-N2 1.9281(13) VI-N3 1.9433 (12) V1-N4 1.9593 (12)
V1-N5 2.0687 (13)
N2-VI-N3 119.11(6) N2-VI-N4 11823 (5) N2-VI-N5 84.13(5)
N3-VI-N4 119.29(5) N3-VI-N5 83.35(5) N4-VI-N5 84.17(5)
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4.2.4. 5610 DA & REREE

R 9 DFREREEIL. NF YV LA FVICEF AL BB B T EEHIRL T,
ZZT, b FEHATCTHER 28EH Y v 4F X 18-crown-6-ether & THF H
TRIGEZZZLICE Y, NofHIMED &R %472 (Scheme 4-2), W #E (-35
°C) © THF / ~FH VIEWRH» L HMET 5 LIk o T, N flH ik
[VK(LEY2CH)( 1-N,)(18-crown-6)] (10) D Hififi iy & f afiti s & L CTIR 72, 85 10 1%
PIEEHT R (N2 7213 Ar) O T THE R TIIIRAICRBICED Y, 2fEL 72,

THF
— |0/~

0—_) - 0O
cy Lo—K=—T
~ 00—

Cy.
)\ > Cy K metal Cy N
7 \ v—N 18-crown-6-ether Cy)\N N Cy
W\

» | Cy
S EETA =
under N, cy ¢ | \)

Scheme 4-2. Synthesis of 10

Figure 4-4. (Left) X-ray structure of 10 with the atom numbering scheme (50% probability
thermal ellipsoids). The hydrogen atoms, except for the hydrogen on the methine carbons
neighboring on the terminal N atoms of the triamidoamine ligand, disordered atoms, and crystal
solvates are omitted for clarity. (Right) Side view of space-filling model of 10. The hydrogen
atoms of THF and 18-crown-6-ether are omitted, and the potassium ion, 18-crown-6-ether, and
THF are shown in ball and stick model for clarity (C, H, N, O, K, and V are shown in gray, white,

blue, pink, green, and red colors, respectively).
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Table 4-4. Selected bond lengths (A) and angles (deg) for 10.

10
V1-N3 1.853(3)  VI-N5 1.965(2)  VI-N6 1.960 (2)
V1-N7 1.955(2)  VI-N8 2.172(2)  N3-N4 1.152 (3)
N4-K2 2.648(3) - - - -
N8-VI-N3 179.07(10) VI-N3-N4 179.08(3) N3-N4-K2 173.3(2)
N5-VI-N6 118.34(10) N6-VI1-N7 118.80 (10) N7-VI-N5 116.46 (10)
N5-VI-N8 81.59(9)  N6-VI-N8 81.40(10) N7-VI-N8 81.59 (9)

FEUR 10 D Ff EA S % Figure 4-4 IS8 LG -¥ 7 A — & % Table4-1 IC/8 L 7z,
7. EAEAEEHEAA%L Table4-4 1R L7z, #51K 9 13 end-on &% 4 7T V()
AFv e KAy ofIcB@E_EHRRMNTZAELTEY, NF Uy LaduLofd
) ORCHIIGE X =T MR IE CH o 7o, WWHEHKRD THF BLfi7 11k, RS T
SO 6 A ) 7 LA F ISl L Tz, R 10 15103 NN B X V—
N fEaREIE, 2REFR 1.15203) BL P 1.8533) AL 3 2D V—Namido fii &5 D
131960 A TH Y, 31CHT S V—Namico i v (1.9436 (av) A) L D T\
T2o ST, VAN VANIGETL I NTA F VERBKRELL o722 & b L
DN BT LTy 7 m~F N RAFAILL ORDVIERRFEDPRKEL hofz?z®
ThH2, R4 NN TDH, 798 EFRBKICKHmNIRTFEICHE AF v 7w
F ¥ (CH-"Nnx2=2.596(av) A) LIKFERMAEIHAMERIC X > CTLE/LI LTV 3
EEZObND, 320DOT I FNETFICLEF¥MEANFV T LA AV (V] DR
B 1% 0.2888(14)A T, 7 8 L W bFH L 7o T\ 7z, $51K 10 D Space-filling & 7
)V % Figure 4-4 (right)lC/ R L7z, TORDPH, Y7 ua~F oA F o=
FETCHRAB-EZLITORVHA T B Z & FHLTH Y, [LOCHP- [itfis
TOVFREELIRE VWD, “BREELZEKTEhwEEZz LN,
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425 k7. 8. BLXUF10DI<=VYBIUVIR X7 bV

AT B X0 8 D v(UN-UN) fifEiRENL, T~ v tHlEZRMFEAHL T, 20
TN 1436 B XL U 1412 em 1B L 72 (Figure 4-5), "N, CiEaa L2 7(7) &
XN 8@) Tik, £¥H56D Fermi X 7Ly MCXoTHELTEY, ThTth
1399, 1337cm™ B X ' 1380, 1335cm™ IC¥— 27 %R L7, A7 & 8 D w(V—
N) HHEIRENE IR A7 P2 b ZNE 3796 & 728 cm! ICBUHI L 72 (Figure
4-6), $EIR T D v(I*N—“N) & w(V—"N) OfiiZ, 8DEL VDB RKEL, 7L 8
D N—N B3IV V—Nu figdEOMHAI & X {—F LT/, 7ZL, 2hbHD
v(UN-1N) OfiiZ, 1-5 D NF P v LERIER (1.20005)-1.2263)A) v 7
L 8D N-NMEVPEVWICH22DOT, 1 -5 D2 F Yy LERIEAK (1394 -
1402 em™) XV dEmz A F—MNCEII L 7209, 2o X9 G R & Ikl R <
7 PVORERIY, BRI ERBEECO TR LIFLIEIRE SIS
ZERH B0,

; \

(A) " . (A) .

(B) , s dﬂu
(C) / \

(€)

1436 1412

(D) R, . 1 V. (—_— o ]
1399 1337 a0V
2000 1800 1600 1400 1200 2000 1800 1600 1400 1200
Wavenumber / cm Wavenumber / cm™

Figure 4-5. Raman spectra of 7 (left) and 8 (right) prepared under '*N; (spectrum A) and
I5N; (spectrum B) in toluene as solvent (spectrum C) (Aex = 532 nm) at room temperature
and their difference spectrum (spectrum D). Peaks with asterisks indicate those of toluene

as a solvent.
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1050 950 850 750 650 550 450

950 850 750 650 550 450
Wavenumber / cm

1050

Figure 4-6. IR spectra (ATR) of 7 (top) and 8 (bottom) were prepared under '*N, (black

line) and '*N; (red line).

IR 27 FAHIETIZ, 85K 10 © v(I*N—"N) v'— 27 % 1830 H X 1" 1818
em ' ICEIHIL, PN, TEHEL 210 (10°) TiE, 1768 3 X O 1759 em I EIEIL
7= (Figure 4-7), 1830 3 X U 1768cm™ DNy Fld, ZNZ 41910 B L U 885cm
P offg e LB I N7z, $58 10" % i © THF 12> L, YNy T CHAS i
2L v(UN—"N) HREIREN 2B X 7z, & OFERIZ. V—N AT W20,
10 ® Ny Befiz 725 THE R CEDICRIBE N T L #RB L T35,

rrrrr

3200 2800 2400 2000 1600 1200 800
Wavenumberi/cm-

Figure 4-7. IR spectra (ATR) of 10 were prepared under '*N> (black line) and N (red

line).
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42.6. 'H-. BN-, BX U STV.NMR X7 b

FARTH X8 D 'THNMR A7 FLi, Z X Figure 4-8 ISR T X 51T,
RGHFESIc gl — 27 2R LTz, A8 3 oA F v T a b vor—7 (477
ppm) . 7D X (527 ppm) XV b EEESGHNICERE X 7,

Chemical Shift / ppm

Chemical Shift / ppm
Figure 4-8. 'H NMR spectra of 7 (top) and 8 (bottom) in C¢Ds at 298 K (500 MHz, 8/ppm

vs CsDs (7.16 ppm)). The peaks with an asterisk show those of solvent and small amounts

of impurities.
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AT B XU 8D SNNMR Z=27 FLTlE, 252 X 41.6 ppm ICZFNF
NOLNE SR TIchRT 3 v — 2 23 & L (Figure 4-9). 78X U8 D
SIWNMR A7 PATIE, Z0Z4 211 LV 47.6 ppm i v — 7 2B L
7= (Figure 4-10) "NNMR 5 X S 'WNMR i F1J % Do —271k, 7"HLU
— 5D N F VY LEREER (N NMR: 25.2 - 33.4 ppm. >'V NMR: —240.2 — —
143.8 ppm) X b {KREGHEER CBUHI & =00, i, 8 DEREDTDONET
EVIRTOBEBTEED, R TEX P 1-5DF 07 LERIEAN S OERS
TONFEFE VEFOBEBTFERELYBENILEZRL TS, INLDI LI,
RYFNVEBOVIERFERRKE D, TNETICARLEZFITIFT IV
B T2 HT 50V 7 LEREDOH T V—Numiwo M AR AR D v & w5 il
R X —EF 5B,

A
7 i 25.2
|
i
.':Wo-»‘F‘u,vwrm'pumh.\‘mwn‘!v-7x,uﬂ'-“.amh,mw:wm,\f."w,aw‘"w,w,rhmww‘ﬂ‘}w L.*-H*-'..v.u\*M\w,‘»‘»\'mmm|.'1.'-\-.,m~,;why\ar~‘in~.v~'r~‘w‘Mw\#‘J‘mh"r'-w.‘v«ﬁ\aw,w‘#w*r-'k‘ﬂ.-k\*

A

| 416
8!
— I
500 400 300 200 100 O  -100  -200 -300 -400  -500
Chemical Shift / ppm

Figure 4-9. >N NMR spectra of 7’ and 8’ in CsDs at 298 K (60.815 MHz, 8/ppm vs
CH3NO: (0.00 ppm)).
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7 |
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f\
I 418
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/'
I
o L
10 -20 .30 40 .50 -60 70 80 -90

Chemical Shift / ppm

Figure 4-10. >'V NMR spectra of 7 and 8 in CsDs at 298 K (131.56 MHz, d/ppm vs
VOCI3 (0.00ppm)).
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—J7. #5K 9 ® 'H NMR A= 7 bovid, (KIEGHED 915 ppm I 70— F 7
HREME Y — 2 28 L (Figure 4-11), 10 @ % #Li3 10.2. 3.28, 0.32. 0.08. —0.28.
—0.75. —0.95. —1.63, —152. B XU =30.5 ppm I IWEVED & SSRGS EIC 2> 1T
T7a—F v —2%mn L7z (Figure4-12), 5K 10 D A ~=727 bouicid, 10 721
T, WEICEENBEE (i-~F %~ THF) ¥ X OEHE L 72 F67 1 H3LOY?
dE& TN Tz (Figure 4-13), 78 L 72 BCAZ 713, & DA DE R COBMMLE
PR 72D1IC, BEOLPIRIC X > THEMLZEE 20N 5, ki, #
R 10 DR TERL7=NF Y7 LADA A v 2 EUERYIZ BT 52213 T
X hah oz, HR9 DAMBERAT — AV P uexld. Evans {EUH2 10 X o THRE X
. ZDfEIZ 298K T2.734ug TH o7z, T, K9 DA VIREED S=1
THBEI LR L TS, [FERIC, #5HA 10 Dpuer 3 298 K T1.76 us 720, 10
DAL VIRHED S =12 THEH I L 2R THMREE, INbDR L VIREEIL,
9 BZEH A+ [VLOYCH)] RO BNy LAIDEEERTH D | 10 23u-No FLhL
TZFFOo~Tu AN F T LAIDIERTH L LI L & I —HT B,

/"'\
1200 1100 1000 200 800 700 600
Chemical Shift / ppm

1200 1000 800 600 400 200 0  -200 -400 -600 -800 -1000 -1200
Chemical Shift / ppm

Figure 4-11. '"H NMR spectrum of 9 in CsDs at 298 K (500 MHz, & / ppm vs C¢Ds (7.16
ppm)). The peak with an asterisk shows solvent. Inset: Expanded views of a range of 1200

— 600 ppm (top).
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Figure 4-12. "H NMR spectrum of 10 in C¢Ds at 298 K (500 MHz, 8/ppm vs C¢D¢ (7.16

ppm)). The peak with an asterisk shows solvent. Inset: Expanded views of a range of —5

—11 ppm (top) and =50 — —10 ppm (bottom).
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e Y, I\L = — H//\ 4 \'J\_J‘.LAJM A L L‘L ,-_‘I\,_HLA”._,“"‘\’.‘H = __/"\_ .
10 8.0 6.0 4.0 20 0 2.0

Chemical Shift / ppm

Figure 4-13. 'H NMR spectra of H3L¥? (top) and 10 (bottom) in the range of —2 — 10
ppm in CeDs at 298 K (500 MHz, 6/ppm vs C¢De (7.16 ppm)). The peaks with an asterisk

show solvent.
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42.7. $EET-10 BT IMMERSFO T 0 b VERIE

HR7-10 © 7’1 + {LiX, —78°CD THF ., &JICH| (M[CioHs](M=Na"% 7=
X K BX07 v b vIE (HOTH ZEH L7z, iK1 - 5 DNF VY LERE
RicsF 270 b v LXT v E=TOAREERL B0, —75, $ik7, 8. 9. &
K10 TEHTVYE=T L F IV VYOMZ4AEK L 72.NH; & NoHs DGR,
ZNZENHNMR ZA_7 b X 3HE5MEL . UV-vis A7 P IT X 5 p-P A
FATI)NVATAT e FiEZHAWTERL 72, EICHNIC K[CioHs] Z R L
7286, NHy B XU NoHy IR IZ, 7 TR VIETH7D 47 %E 11%. 8 Tl
38 %& 16%. 9 TIZ 78 %& 7%, 10 TiX 80 %<& 5% TH o7z (Table 4-5), %
72, Na[CioHs] %#iZEJtAl & LT L 7284&. NHs 3 X O NoHs DI, 7 Ti
INZENVIETH7ZD 8 %L 04 %THY, 8§ TIES5%E 11 %, 9TIE7T %&
0%TH o7, TOMRIT. EEYOWERT VAV BEA A4 v OfFFHICKET
22 EHRBLTVWDS, A8 DO NH; DINEIZT7 X0 07, NoHs DINE (X
750 b ED o7,

Table 4-5. Quantification of ammonia and hydrazine produced from the reactions of 7 —

10 with reductants and proton sources!?.

Proton Yield®/%
Entry Complex Reductant
Source NH;! N2H,4!
1 Na[CioHs] 8 0.4
7 HOTf
2 K[C10Hs] 47 11
3 Na[CioHs] 5 11
8 HOTf
4 K[Ci0Hs] 38 16
5 Na[CioHs] 7 n.d.
9 HOTf
6 K[CioHs] 77 7
7 10 K[C1oHs] HOTS 80 5

[a] All reactions were carried out in THF at -78 °C under N». [b] Yields are given for a
vanadium ion, and these values are an average of three trials. [c] Yields of NH3 and NoHa
were determined by 'H NMR measurement and p-dimethylaminobenzaldehyde method.

Concentration: 6.7 X 107 M for this work.
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ZHNIE VN BEEPEERT IV 8OTARVwE W FERICESIC L, &
I DR AERT LD B 8D BKRE VW V—NuOFEERUINT L < .
7u b ARG, A 10 D X S T v LD Na/K-V(u-No) AR Z#RH L
TWwazvrtEz2ZLN%, EILAIE LT K[CioHs] ZEA L 7256 IR X
Na[CioHs] ZfEH L7256 X 0 @ Nl FICHEA L2 Y v A4 A vV ik,
FrITLAFVIDDERGICTa P VIR INDE Z ERRBINS,SET
WwRZ, FITINTIVEMTE DD o AERBARCTHRIBEOEESRS
5,

—77. R L 10ONH; DINH 1T, 78K VD D& < . NoHsD L IINH3D 1/10LA
TTHotze 2D EIF, FHEARITZIF100T > 7 v ~F 2L X2 FAFEDNELNT
TDaNFRTERYPETL Z LT, 7ot O HHE#EL, NoHyS BT 2 D
EUITCWB720LE2 b5 (Figure 4-4), O DFERIZ, PV T IFT 2
v BCALF D RIGNIE 1T BEEE 5 2 B2 RIR+ LD 7 v F v @R A — B
&2 ZEL T2 =0T, FB=URER T EoEF D "B S 2 A LEL.
b LI BEREELZLEIEE I L 2RBL TS,

¥ 7o, BEART-97 5 1ENH3 & NoHy Dl /5 2 AE KT % 23, 1 — SO EEAD b IINH;
DHEERT Db, K7, 85X 19D 7 u b UKIGDOHIEIZ, 7
Y EBJEA A AR L 22BN &N F YT A1) b Oo~T
MoERERTHDIEELLND,

4.3. ¥

ZDETIE, P T I RT I VBN ORENIRE FICE =R FEE2 /K2 (LR
R=iPr. Pen. X UCy,CH) <+ v AMDEEE (FNFN 7. 8. FLU9) %
NoFEFSR T CTER L., FEL 7, $R7, 8. F X oD Bk BXHEE AT O f
B, #AT7E X U813, end-onE— F CERS T HEUEGHNLL 7z A F Py
LEFRIER ([(VLR)}2(u-N2)] R = iPrd X UPen) TH V. FEKRITIINLAALLL L
TWRWHE D ANF U7 LR [VILYH)] TH oz, TNOLDFERIZ. AV 7
AL R FAREEZNENFFOAERTLSII BHR AU TE 52 L IR
LTW3 2, $ERITHEENM TOY Y 7 a~F o A XA FAEDIKKFED 201,
TEBRBPERTE b oT, EARSIEIANF VT LAFTVDENICH DT RTD
V—NumidofEi R, 1 - 5SBXPTOHFTRETH 2 2 &5, EIRER K
RIEDFELRRELSZIT T, T2, IDICRERY Y IZ7a~F UL XA FLHE
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FETLEAITIE, Vv u~F AR FARDORKIEIC K ) ZBERE K
T ENTETIC, R ETEK L E x5,

18-2 7V V-6-T—TNAFIE . &) v L w7z 8A9DiEItIC X - T,
FEAR103 K L 72, 85K101%, VA AV L18-7 97 v6-—T AL 2K
EOMICEBNZFFO~T v TR TH 5 2 EBHL DL o7,

FUTIET I VENLT OKRIENIE I AR FE R RO N Uy LEEARA -
SYOEGE. TYE=T ORERT 525, K7, 8. 9. X U10&M[CioHs] (M=
Na"% 7213K") I X HOTfE D KIGIC & . NHsd X UNQHa SRR L 72, & D
FlZ U7 P T 2 VEHL A ORIENEE IS IR B 2 R0 N F U LER
HWRDEGAE, TA A ) BEAAVOMINICE Y | BEBERL T AN ) BEA A v
DR CHAER L 72N F v v ZEREBEBOCHHEER S LTBKRT 5 2 & %2R
BLCTwb, —J7, HERRFLFEOHMAKT. 8. 9. BLXU10DHE, TAhY
LA F v O X o T, Rk E LT, ~7 v ZEEREBERSIER I NS &
Ezbid, EERI00OKEED ba-NFE T2 K& RERECHT &, NH;DOIED
BEIML ., WICNH DI E DA T2 e DAL E oz, T OERIT, ZEHR
BChr D JE Y %2 K& e i fffEE %2 b i ot & | a-NEF~D 71 + w1k
RIGHBW T b5 EERLTW5,

INOLORERDPG, P YT I T I VENLT ORENETIC BT 2 KRBT
E MR EPOFE SRR BICAETE T, MG G KE REEL 5 2
LTEDNHL P LR T,

44. EB

44.1. HAE

L 723 s L OEBIE Tl D DZ R L 72, T 72, BUKEEIE N,
72 Ar TATHANT YV VI LE2b0%2fHL 7=, BT TH D tris(2-
(isopropyl)aminoethyl)amine (HsL®") (25 DRk % S 1 L THE L 728,

4.4.2. JIEHESR

'H (500 MHz), 1*C (125.77 MHz), '*N (60.815 MHz), °'V (131.56 MHz) NMR A% ~%
7+ VHIGE T JEOL INM-ECAS00 £ 72 (3 JEOL JNM-ECA600 FT NMR % fifi F
L7zo ¥V 70T CeDo F 72 1 DMSO-ds ICi2> L CilEE X 1, H, BC It k1T 3
L 7 PV IZENENDOREDOKRE 7 v b v v — 27 2 FH#E (CeDs, 7.16 ppm (‘H),
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128.06 ppm ('3C); DMSO-ds, 2.50 ppm (‘'H))& L THEH L 7z, PN & X U5V NMR
BT 1LY 7 M id. £ %3 HCONH, (—266.712 ppm (P°N))I& X U8 VOCI; (0
ppm C'V)ZWERIEHEL L7-, FT IR 2= 2 F AHIE Tld JASCO FT/IR-410 43¢

NEEGEHZ A L. UV-vis 222 F AHIE Tl JASCO V-570 73 G CEEF 2 L

Teo 7= VAT FAHIE TR, K & LT 532mm © Nd:YAG L —H%F —%

FH\v>, JASCO NRS-3300 73 tEtZ L 72,

4.4.3.  HURE SR XE R S AT

AT, 8, B X ODXHREIT 7 — X 1, HLERMoKa (0.71073 A) ZfER L <.
Rigaku R-AXIS RAPID % > T 72, A100 7 — X 13, HiKCuKa (1.54178
A) #fH L <, Rigaku R-AXISRAPID 1% W CED 72, T X CTOMHE L, Olex2
V7 b o Ty — U0 2 fdH L CHENT S 4. ShelXTUY o [EH (LA %
LTz, ORI ZzoBo7—) <y 7hbEE I, il
ShelXL!'2 12 X 2 /N 3Bk 2 LTS L L 72, FRICHRE L R WER D | k3R
JiFlriding modellC £ Y fidiE X 17z,

4.4.4. Tris(2-(3-pentylamin0)ethyl)amine (H3LP) O&RK

Dean-Stark M 7 v 7 L B W HE 2 2 72 7 X 7 7 X 2 IC tris(2-
aminoethyl)amine (14.6 g, 0.10 mol) & i %UE®3 -pentanone (100 mL) % fill 2. CT—Hf
MBGER%Z L7z, RE|D3-pentane T NHKRL — X —TlREL. ZDEEYIC
MeOH (50 mL) %Mz, 0°CE CTHHEIL 7z, Z#IZNaBH4 (11.7 g, 0.31 mol) %/
Loz, FEREITCABLAEE, 20 MKrXREEEZ, ZORAYITK
(100mL) C#E2> L 72NaOH (12.3g,0.31mol) Zillz., ¥ TF LT —7F 1 (100 mL)
T3 L 72, A8 2 NaxSOsTHAME L 7212, WA A L. BUEZHE I
THHLL 7= (yield 33.1 g, 93 %). 'H NMR (500 MHz, C¢Ds, 298 K): & (ppm) 0.950 (t,
18H, ~CH3), 1.45 (quin, 12H, CH-CH>—CHj3), 2.37 (quin, 3H, CH-(CH>CH3)»), 2.50 (t,
6H, NH-CH>—CH>), 2.62 (t, 6H, NH-CH>—CH»). *C{'H} NMR (125.77 MHz, C¢Ds,
298 K): & (ppm) 10.18, 26.53, 45.34, 55.13, 60.64.
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4.4.5. Tris(2-dicyclohexylmethylaminoethyl)amine (H3LCY2CH) o &h%
Dean-Stark F 7 v 7 & B G EAE 2§ 2 72 F X 7 7 R 2 T tris(2-

aminoethyl)amine (14.6 g, 0.10 mol) & dicyclohexyl ketone (77.6 g, 0.40 mol) & X O
Pz v (100mL) ZHZ T _MumBuEii % L 72, & F Ddicyclohexyl ketone % Jl
JEREE BinifE: 120°C) L. £ OEAPICMeOH (50mL) ZMZ. 0°CE TH
L7, TOWIRICNaBHs(11.7g,031mol) 2 LFOMMA. £Dtk, ElET
AL, —MERTH R, ZOEAWIC, /K (100 mL) IZ#HE D L 72NaOH
(123g,031mol) Mz, ¥YTF LT —F 1 (100mL) T3EFHH L 72, HHE %
NaxSOs THZME L 721, W #FRE L. 2 DIEAY % MeOH (100 mL) & ~F ¥~
(10 mL) DESEBICE LT 30 'CTHET S LiEmBAEo N, Hohi:

fii i & AT (2-prpanol:hexane = 10:1) TYe# L. P2, CHCLICIAED L TE
HCHGE L, B L 72655 % AHELL 7= (yield 43.5 g, 64 %), 'H NMR (500 MHz, C4Ds,
298 K): & (ppm) 1.12 — 2.02 (m, 69H, Cy>~CH-), 2.62 (t, 6H, NH-CH,~CH>), 2.82 (¢,
6H, NH-CH>—CH.,). 3C{'H} NMR (125.77 MHz, C¢Ds, 298 K): 8 (ppm) 27.23, 27.32,
27.38,29.11, 31.81, 41.42, 50.68, 56.46, 68.90.

4.4.6. [{VL™)h(u-"N2)] (7) DERK

20mLD Y = L v ZEICHL® (1.0 g, 3.7mmol) £ Et,O (4mL) ZMx., EHRFE
PS5 T T 78 'CE THHAIL 7z, Z #LiCa-butyllithium (4.2 mL, 11.0 mmol, 2.6 M in
hexane) # ¥V V¥ Tz, 718 CTISH 2 EiRE -, ZORAYEERT TH
mLl, ZOFTFERT1IRBE»Z BT, BUONIGEAY % —78 "ClIamHIL.,
VCI3THF3 (1.4 g,3.7mmol) ZfZ 7z, ZDREY ZERE CRIE L., —Wd %R
B, WA BT E L, BREYICERO (6mL) ZMA CTHED L7z, & DR %,
74 P EHVCAEL, BONZAWE 35 COMBENICHIEST 52 & T
IR DR %1572 (yield 0.57 g, 46 %), "HNMR (500 MHz, CsDs, 298 K): & (ppm)
1.44 (d, 36H, —CH;), 2.40 (t, 12H, N-CH>—CH>), 3.29 (t, 12H, N—-CH>,—CH>), 5.27 (sep,
6H, CH—(CH3)2), *C{'H} NMR (125.77 MHz, CsDs, 298 K): & (ppm) 23.46, 48.22,
53.11, 60.84,°'V NMR (131.56 MHz, C¢Ds, 298 K): § (ppm) —211.1. FT IR (ATR, cm™
1):2957,2916, 2892, 2851, 2788, 2652, 1457, 1438, 1380, 1364, 1347, 1332, 1328, 1282,
1259, 1239, 1202, 1155, 1129, 1099, 1077, 1056, 1028, 1002, 967, 939, 905, 862, 840,
818, 796, 789, 747, 618, 592, 572, 549, 495, 469.
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4.4.7.  [{VLP)(u-"N2)| (7’) DERK
PN DD D ITPNo 2 L C7 & [FIRRD JTE CRHAT Z G L ik il i &
L CT157=(yield 0.29 g, 24 %), >N NMR (60.815 MHz, CsDs, 298 K): & (ppm) 25.22.
FT IR (KBr, cm™): 779 (v(V-"N)).

4.4.8. [{V(LP™}(u-"*N2)] (8) DEK
H3L"Pr®ﬁio DICHaLP 2 L. 7& FIERD V7L T8 G L 72, HIPY)
REEiEM L LTS (yield 1.1 g, 89 %), 'H NMR (500 MHz, C¢Ds, 298 K): &
(ppm) 1.15 (t, 36H, —CH3), 1.74 (quin, 24H, CH-CH>—CH3), 2.37 (t, 12H, N-CH,~CH,),
3.20 (t, 6H, N-CH>—CH>), 4.77 (quin, 6H, CH—(CH2CH3)2). 3C{'H} NMR (125.77 MHz,
CsDs, 298 K): & (ppm) 12.51, 27.71, 48.57, 53.05, 71.52. >'V NMR (131.56 MHz, CsDs,
298 K): & (ppm) —47.55. FT IR (ATR, cm™'): 2955, 2920, 2892, 2870, 2845, 2788, 1444,
1371, 1341, 1330, 1280, 1259, 1237, 1205, 1144, 1127, 1107, 1047, 1026, 993, 952, 905,
898, 866, 857, 834, 827, 812, 758, 728, 663, 642, 590, 559, 549, 572, 549, 527, 519, 486.

4.4.9. [{V(LP")}2(u-"*N2)] (8°) DEHK

MNoDfRD D ITPNy B L C7 & [FIRRD V55 CHA8 2 B L. ik (i b
& L T8 7=(yield 0.49 g, 41 %), N NMR (60.815 MHz, CsDs, 298 K): § (ppm) 41.59.
FT IR (ATR, cm™): 715 (v(V-°"N)).

4.4.10. [V(LO2CH)] (9) DAL

H:L®* O Y ICH LY % ELbOD b D ICTHFZ R L CT7L [FkED J7ik
THIRIZ AL 72, HIUMIZ, IRfxGHEE L TH7% (yield0.79 g, 74%), FTIR
(ATR, cm™): 2955, 2920, 2892, 2870, 2845, 2788, 1444, 1371, 1341, 1330, 1280, 1259,
1237, 1205, 1144, 1127, 1107, 1047, 1026, 993, 952, 905, 898, 866, 857, 834, 827, 812,
758, 728, 663, 642, 590, 559, 549, 572, 549, 527, 519, 486.

4.4.11. [VK(LC2CH)(1-14N;)(18-crown-6)] (10) D &K

15mLD N4 T i $51K9 (0.20 g, 0.27 mmol) & THF (6 mL) Z EREHA T T
Mz, IHLICATFARALE®EAY 7 4 (0.11g,2.7mmol, 10eq.) ZMZ T, —
ER T EIREZ, COBERE, 74 P Z2HWTABEL, AIRICTHF (1
mL) & 2> L 7218-crown-6-etherZ I 2 T, FEIRTIH» EREZ, I HIC~FH
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v (6mL) ZW-o < VA, -35°CTHHET 5 Z & Tt D %572 (0.13mg,
39 %), FTIR(ATR, cm™): 1830, 1818 (v(**N-'*N)).

4.4.12. [VK(L¥2CH)( ;- 15N;)(18-crown-6)] (10°) D &K

"N, DR D D IZENZ L CL 10 & AR D 7 TR0 2 A L 72, BEYY)
TR GRS & LT (60.2 mg, 18 %), FT IR (ATR, cm'):1768, 1759 (v(**N—
ISN)).

4.4.13. $#EAET-10ICB T 2RMNERSTO 71 b 4L

THF (6 mL) IC7 V4 V<&JE (1.1 mmol, 80 eq) £ F 7 X1 v (0.15 mg, 1.1
mmol, 80 eq.) ZMZ % T & TEICA] (M[CioHs] (M =Na, K)) Z3H# L, Zhic
THF (5mL) IZ¥&D> L 728587 (10.0 mg, 1.5X 102 mmol) Z MM Z. -78°C F T
L. 1FfE 2 2R 72, XiT, HOTf(0.17g, 1.1 mmol) % ¥W - < W Nz 72t%. =ik
¥ CHIm L TR 2R 7, BELZHEL., BEYZEQOTHH L 2%, W
JERZIE % 3% 2 & CHEBOER 72, 2N EH0(0mL) THHLZ, 2%
SmLE DI, RAREML. KxBREL T, BREWICEENLENHS ©'H
NMRTHIEL, b5 —HDBMRIIp-F AFAT I )RV AT AT e FiEick D
NoHsDINE Z KD 5 DITH W 7=,

44.14. TVE=TOER

NH4 D E & T Ashley b D ik % BEIC L TIT - 721", NHy D EE X, '"HNMR
HIE 2> B3R D 72, F 72 NH," DULFE132,5-dimethylfuran® " = LFL (6 :5.83, 2H)
ZEMEL L7ZNHy D v — 7 58E (F50H) 2> 53K 72 (Figure 4-14, Table 4-6),

44.15. e F SV VOER

NoHs™ DIE& L. Ashleyb D JjiEEZEIC L TTo 72, NoHs DIER 1Z. p-
VAFNANT I RYATATE FELLRD Tz, NoHalp-Y AF LT I ) Ry
AT T e K ORRHEET A T O IGIC X D 458 nm I FFEN) 722 3 T IINH % b D
HODOT Y UBERT S, TNEUVVISARZ P EAWTRERZERL., %
DFER D HNHaz FE & L 72 (Figure 4-15, Table 4-6),
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1Unn = 51 Hz e
e YT
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D O U | I .Y
74 12 70 68 66 64 62 60 58 56

Chemical Shift / ppm

Figure 4-14. "H NMR spectrum of '*NH4" that was obtained from the reaction of 7 with
80 equiv. K[C1oHs] and 80 equiv. HOTf under N, (DMSO-ds, 500 MHz). Chemical
shifts are shown versus DMSO-ds (2.50 ppm).
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Figure 4-15. Calibration curves for hydrazine quantification.
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Table 4-6. Yields of NHs and N2H4 Produced by the Protonation of Dinitrogen Ligands for 7
-10.

product
roton NH.d NzH.tf
complex®! reductant P
source
yield / %™
Integration!®!  yield / %! average Absorbancels! (calibration average
curve)
0.085 7.4 0.084 0.35 (1)
Na’[CoHs]  HOTf 0.082 7.1 7.7 0.084 0.35 (1) 0.36
0.10 8.7 0.096 0.40 (1)
7
0.53 46.1 3.2 10.5 (2)
K [CioHs] HOTf 0.50 435 473 3.3 11.1(2) 10.9
0.82 52.2 34 11.2(2)
0.069 7.6 0.23 9.8 (1)
Na’[CoHs]  HOTf 0.040 4.4 5.4 0.25 10.7 (1) 10.6
0.038 4.2 0.26 11.2 (1)
8
0.36 39.6 3.7 15.4 (2)
K*[CioHs] HOTf 0.51 44.0 37.8 3.7 15.6 (2) 15.9
0.27 29.7 3.9 16.7 (2)
0.026 4.9 -0.0034 - 0.0003 (1)
Na'[CioHs] HOTf 0.026 5.0 65 -0.00099 - 0.0001 (1) n.d.
0.051 9.6 -0.00054 0.0000 (1)
9
0.79 74.9 0.85 6.22 (2)
K*[CioHs] HOTf 0.81 76.8 77.4 0.94 6.83 (2) 6.7
0.85 80.6 0.95 6.92 (2)
0.95 75.4 0.65 5.0 3)
10 K*[CioHs] HOTf 1.1 84.7 80.1 0.68 5.2(3) 5.0
1.0 80.1 0.61 4.7 (3)

[a] All reactions were carried out in THF under Nz at -78 °C.  [b] [complex] = 6.7 x 10° M.  [c] Quantification of NHs* was calculated by
'H NMR method. [d] [2,5-dimethyltetrahydrofuran (std)] = 5.2 x 102 M. The integration values of NH4* were shown toward the vinyl
protons of 2,5-dimethylfuran (2H). [e] Yields were based on a chromium ion. [f] Quantification of N:Hs was calculated by p-
dimethylaminobenzaldehyde method. [g] This value was obtained from absorbance of the peak at 458 nm of a yellow azine dye. [h]
Yields were based on a vanadium ion.
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FHEK) ARIGXE TAH)EBAF YR ~T 0%l 7 o L85

R C & 5 [{CrNa(LB")(N2)(E20)}2] (Cr2) & [{CrK(LB")(N2)}4(ELO):] (Cr3) % A ik

L7z, 51T, Cr2 & Cr3 IZZ % 15-crown-5-ether & 18-crown6-ether % Il 2.

5 LT, ~7T a7 v LEREAR[CrNa(LB)(N2)(15-crown-5)] (Cr4) B L O

[CrK(LB")(N2)(18-crown-6)] (Cr3)% &k L 7z, T 5 OFEARIC DT b B L 4

EEEIE D RE L7z RE T, T OFHRESE, 7t EEEE . DFT 5HEIC
2BV REICOWT O %R 3

52. MRLEHE
52.1. %7 v L2REEOEK &G
VFAfEnzt V7 I P73 VR (LisLEY)iE. HsLP & n-BuLi & DX
mﬁna/—\hﬂ‘zé N, Thz EeoH, o FHA T CCCh 2 EimTRIGI S 2 &
Lo T, D 7 v LEREER[{Cr(LE) 2 (u-N2)] (Cr1) % &K L 72 (Scheme 5-

1),

—N
3eq. n-BuLi S N/(-:Ir N
H —~—~ >
3 under N, @/\ ”/N
N—Cr )
|/ N
N

Scheme 5-1. Synthesis of Dinitrogen-Dichromium complex.

EIR Crl 13, ELO B D O OFEFESIC X v, Bkt ot & L TR RIGK
(82 %) THEOLNTz, BEARIREED Crl 13, ZEXRF TR oK Y e pfEEiLs, Crl
(T ALY X AR RS IC X D, == AT Crla & Crlb ® 2 D Dl
LSRR E TN TV B Z L 5T o 72 (Figure 5-1), % 72, #EfF 0
NIRA—RZ L TEREAERLEEO Y DAEIX. ZNZ N Table 5-1. F X U Table
52 LTz, 2D20DFERMIEE X o P FHAT Y FAVYE—-FCHEBLEZ
1‘*7 a7 LEERTH Y, Crla & Crlb B3 2 2 NLZND Cr 4 4 V& ) OELLII#E
CFEGZIIC 3 207 I FNEFAR DB, T I v NRETFE o o F 2
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D=JTMHERHE CTH o 72 (Crla DEE. 1=0.99. Crlb OE&. 1=1.0)", N-
N B XU CrNw DFARIZ. 2N Z 4 Crla Tl 1.188(4) I L U 1.805(2) A.
Crlb TlE. 1.185(7)F X 1N 1.804(4)A TH > 7z, Crl IZ. N-N DFEAED. 7V
—D Na 3 F110 ALV DEL BoTWB I b, Ny Gl Tw3 2 ®E
A DbID, BEICHE TNz Crlo—, Crlh—, F 721 Crilh—( u-No)#E A (1.164—1.241
A) LT 2 L. Crl © NNFEARI, g  Dobdehin & 7- - Croy(u-Np)
PR (1.093-1.110A) &t 3 2 L, oo 7000, —J  CrliCHF 5 Cr—
N DFEEITERICHE S 7z Crl—. Crlh-3 X O, Crl'—( p-No)$EER (1.773 —1.898
A)0bdehlo L5 < Crh(u-No)$E R (1.901 — 1.917 A) X 0 b4 - 7z010p1, = o
Cr—N f & DT, N—N fE G5 S EmL, BB M2 Cr—N nfii & & N—N
T RAEOMENECH B Z L ZRBL TS, 2% V. 2007 o AfHKICERES
FHREL GG, 2 207 0 LA Y B OBERIF~ONy 7 FA—va v
23X D RMICTEEL T2 e EZ LN D,
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Table 5-1. Experimental Details for X-ray Diffraction Studies on Crystalline Complexes
Crl, Cr2, Cr3, Cr4, Cr5, and [Cr'VCI(LPem)]

compound Crl Cr2 Cr3 Cr4 Cr5 [CrYCI(LPem)]
formula Cs4HesCraNio C31H43CrNgNaO Ci20H162CraK4N2403 | Ca1He3CrNeNaOg C43He7CrKN6O7 | Ca3sHe7CrKNgO7
formula weight 959.16 590.70 2353.13 810.96 871.12 871.12
crystal system trigonal monoclinic triclinic triclinic triclinic triclinic
space group R-3 P2/c P-1 P-1 P-1 P-1
a[A] 26.6477(15) 11.1612(7) 15.9699(6) 11.8723(7) 12.2477(3) 12.2477(3)
b[A] 26.6477(15) 21.1276(11) 18.9080(6) 12.6768(7) 12.5226(3) 12.5226(3)
c[A] 24.0514(6) 14.0130(8) 23.0103(8) 15.6131(10) 16.5533(4) 16.5533(4)
al’] 90 90 100.704(7) 87.345(6) 86.130(6) 86.130(6)
A1 90 107.355(8) 97.816(7) 72.778(5) 71.579(5) 71.579(5)
y[] 120 90 111.260(8) 79.951(6) 77.788(6) 77.788(6)
VA3 14790.8(17) 3154.03) 6203.8(5) 2210.0(2) 2354.24(13) 2354.24(13)
VA 12 4 2 2 2 2
temp [K] 173.15 173.15 173.15 173.15 173.15 173.15
A[A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Peale [ cm™] 1.292 1.244 1.260 1.219 1.229 1.229
p [mm™'] 0.488 0.410 0.534 0.318 0.383 0.383
No. of reflections | 48303 30117 60112 21598 23382 23382
No. of
independent 10734
. 7513 (0.1061) 7201 (0.0538) 28054 (0.1007) 10088 (0.0760) 10734 (0.0345)
reflections (0.0345)
[R(int)]
No. of
397 375 1476 514 578 578

parameters
Ry (I>20(D))™ 0.0637 0.0394 0.0809 0.0735 0.0438 0.0438
WR, (all data)®! 0.1141 0.0924 0.1767 0.1788 0.1040 0.1040
goodness-of-fit

) 1.033 1.030 1.007 1.014 1.016 1.016
on F
largest diff.

0.29/-0.28 0.31/-0.56 0.51/-0.33 0.68/-0.37 0.47/-0.34 0.47/-0.34

peak/hole [eA~]

[a] Ri = X|[Fo| - [F¢|| / Z[Fo| for Fo > 25(Fo). [b] wR2 = [Ew(Fo2-F2)*/Zw(Fo?)*]"2.
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Figure 5-1. ORTEP drawings (50 % probability) of Cr1 (Crla (left) and Cr1b (right)).
Hydrogen atoms are omitted for clarity. The atoms with superscripts i—v are related to
the atoms without them by symmetry operations (+y —x, —x, +z), (-=y, +x -y, +z), (2/3 =X,

1/3 —y, 4/3 —z), and (=x, —y, 2 —z), respectively.

Table 5-2. Selected Bond Lengths (A) and Angles (deg) for Crla and Cr1b™®

Crla
Cr1-N1 1.805(2) Cr1-N3 2.096(2) Cr1-N4 1.863(2)
Cr1-N5 1.867(3) Cr1-N6 1.861(2) NI-NIi 1.188(4)
NI-Crl-N3 178.75(11) NI-Crl-N4  97.66(11) NI-Crl-N5  96.40(11)
NI-Crl-N6 97.97(10) N3-Crl-N4  82.69(11) N3-Crl-N5  82.39(11)
N3-Crl-N6 82.91(10) N4-Crl-N5  119.33(11) N4-Crl-N6  117.46(12)
N5-Cr1-N6 118.40(11) Crl-NI-N1'  177.8(3)

Crlb
Cr2-N2 1.804(4) Cr2-N7 2.098(4) Cr2-N8 1.862(2)
Cr2-Ngit 1.862(2) Cr2-Ngii 1.862(2) N2-N2! 1.185(7)
N2—Cr2-N7 180.0 N2-Cr2-N8  97.22(7) N2-Cr2-N8i  97.22(7)
N2-Cr2-Ngiii 97.22(7) N7-Cr2-N8  82.78(7) N7-Cr2-N8i  82.78(7)
N7-Cr2-Ngiii 82.78(7) N8-Cr2-N8i  118.45(3) N8-Cr2-N8gii  118.45(3)
N8I-Cr2-N8iii  118.44(3) Cr2-N2-N2'  180.0

“ The atoms with superscripts i—v are related to the atoms without them by symmetry
operations (+y —x, —X, +z), (-y, +x -y, +2z), (2/3 —x, 1/3 —y, 4/3 —z), and (-x, -y, 2 —z),

respectively.
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522. K7 ma2REEOYECERIFEEE

P VIR CHIE L 72 Crl NG T <= v X7 b L% Figure 5-2 ISR T,
Crl ® N—N f#EiRE) UN—N)IZ 1772 em™ Bl S, "N Fx) v 2 L7-
Cr1(Crl’) I, 1715cm™ KB X 7z, Crl 28D D N-N fiffEiREIE, 7V —D
No 3 FDUN—N) (2331 em) X DAKFEEHENIc> 7 P LTH U | ik, 7V
— DNy ZEHL L CWB 2 2 RBLTWS, 1674cm! oY —7 1%, #HET
HHECTE o/, ftEINZE— 2713, 1589, 1590, HL U 1607cm” TH Y |
IS, CUDRMAEMETIERL., 7= D H-C-C DHINZEMICIRE
ENb, L7zBo7T, 1674 cm” D v — 27 3y PN—PN)RoLEIc Xk 3, 720
IXTLy P EEZLND, THIE, 1714 & 1674 cm™! D 2 DD — 7 DFH
2oLz 1695cm™ & 846 cm™ ICH T SEE LN EE 2 HN D (Figure 5-
2,right), 846cm” D v — 273 FHHEIN/ZE—27TH 2 837cm! IKIFEI NS,
IhiE, TIF NFREFONIRIREHE ¥ — MROBE Sy 1) v 7R (ring-
puckering vibration) DA GLHE, e ICERET EEFEZ LN 5,

|

1772 o :
o | | 835
war 1715 1674 846 1
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Wavenumber / cm™ Wavenumber / cm™

Figure 5-2. Resonance Raman spectra of Cr1 (left) prepared under '*N, (black line),
5N (red line), and difference (blue line) in toluene at =30 °C (Aex = 355 nm). Peaks
with an asterisk note those of toluene as a solvent. And IR spectra (KBr) of Cr1 (right)
prepared under *N, (black line) and '*N> (red line).

110



Crl ® 'HNMR A7 FVEE#REZRI L CTH D, -13.3, -59.6, -89.1, B X
O -1224 ppm IC 70— N — 27 2B L 7228 (Figure 5-3). 77 K IZHBF % b
VI VIR TD EPR 1. #4 L v 72572 (Figure 5-4), Crl DR E— A v
M, FEARIREE & R HIRTE (in toluene-ds) THIE X v, Z % L SQUID &
(Figure 5-5) & Evans A CHIE S N7z, ZNZNDME IFper=2.96 5 X U 2.60 pp 72
o577 TNOLDFEED S, Crl iF, 220D 4 A Y Cr(IV)4 4 ¥ 23 N2 I &
LTw2 eEZ b, RRGHER A % o 7z @i 2 Fro =& itke 7 v
PEHCTELZ L ZIR LTS, [CrVCILP DRGSR (XANES) A= 727
kv, ZH RG22 R0 CrAVYL &I o I L CHIE X iz (Figure 5-6).
Crl ® XANES A7 bvid, [CrVCILPm|D 7 — &% & i L T Crl 28852, Cr
AF v DMMBBAAV)TH 22 LR L TEH, ZOFERIL SQUID @ F — X % HEHff
FTw3,

2 8 R
/ / _/'" /"‘
-13.3

* -59.6  .89.1 -122.4

I -2.0 ' -4'0 I 60 ' -éo I -160 ' -1I20 I -1I40
Chemical Shift/ ppm

N N N R M ) A S R A

300 200 100 0 -100 -200 -300

Chemical Shift / ppm

Figure 5-3. '"H NMR spectrum (500 MHz) of Cr1 in C¢Ds. The peak with an asterisk

shows solvent.
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Figure 5-4. EPR spectrum of Cr1 in toluene at 77 K (9.138 GHz, 10 mW).
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Figure 5-5. Magnetic susceptibility data for Crl: (a) x vs T; (b) x mT vs T. The solid
red line represents the fitted curve. From the best-fit, the parameters were Jor-n2 = —
148(3) cm™!, ¢ =-2.7(2) K, and g = 2.029(5).
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Figure 5-6. XANES spectra of Crl — Cr5. XANES spectrum of [Cr'VCI(LPe")] is
standard of D3, Cr(IV) complex and XANES spectrum of [Cr!'CI(LM¢6)]Cl is standard of

D3, Cr(IT) complex.
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523. 70 L(AV)ERER Cr2 - Cr5 D& L KRG

CrliC7 A2V &)E (Na £7213K) (Cr1 I3 LT 10 48) 2KIGE85 2
T, ZNZENNafthifkcd 3 Cr2, BX KX, KA TcH 3 Cr3 2E5HK L, X
512 Cr2 1T 15-crown-5. Cr3 IC 18-crown-6 # ZNZN)LXH B LT, ~T
0 AR TH S5 Crd BXL U Cr5s AL 72 (Scheme 5-2), Cr2. Cr3. Crd,
B LU Cr51x. EuO B 5-35 CTHRHMEHE S ¢ % 2 & T, BEFREORES
BES NIz, Cr2, Cr3. Crd, X U Cr5 OFE SRS X, HAE S X A miE
fRFTIC X o T 2R Y . ZNF DS % Figure 5-7. 5-8. ¥ X Uf 5-9 TR
L7ze T72, fERERANT A —2 L EhiEAERE L AEIR. 22N Table5-1. 5-
3,54 BX 55K Lz, TNOLD 7 u L RD Cr 4 4 v DJE Y ot
(X, FEAZIC 3 207 I F NS BiZic7 SV NREFE oo Fefio=7)
M EEARE G 5 72

FEAR Cr2 — Cr5 ® XANES A7 b L% Figure 5-6 I/~ L 72, XANES A7
FULICE T B main-edge DILH LAY LESD 7 v LADEEARTH 5 [CriICILM]C]
I TIE 7R <, Crl B X U[CrVCILPM I T & 205, $5K Cr2 — Cr5 13, Crl
CApER I I EEL TR W T EEREL CTWwa, Tiid, # Cr2-Cr5
Z. Crl LRI IVIiTH B L ZRLTWS, ZOKIGERICOWTIIAIHE
. TAAVEEBEMZATZZ LT, Crl O DOR D 7 0 LA A, EICX
N3 ZeT (Cr'V—NZ—Cr'"+ 2AM"), BiHE L Cr2 — Cr5 2B S iz d D L
HEND (Cr'V—NL2Z—AM' + Cr'AMY), ETLREZE 2 5N 5 CrIAM 2 HE N,
REALE B0 EI IR ARPTH B,

—\
0
(\T/Bn /oEtz [gb,\, £}
N—Cr\— —=N—Na B \/\joJ
QN//N\Bn /\l HN\
'\l - —> 15-crown-5 N N/—C>
Bn N l\\ C N—crl )
(\h‘l/\ Na ya—N—N—c —N I SN
Q\/NC/C'/N\/@ / Et;0 _N N\J
N" | B
PN o2 cra
oI
e = \K\ ° Or\of\\
v RN D A b
J 2 AN N
Bn B N N'Bn ‘7N:N7/c\ N O\K\\o
Lo Nt
cr L ,BnK/“ ”\K/B,,’N N"> 18-crown-6 N
R VAVARINELI, P o\
B [ >cr—N" —crlQ
G e (T "“J/@
B
Cra Cr5

Scheme 5-2. Synthetic scheme of dinitrogen chromium complexes Cr2 — CrS
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Figure 5-7. ORTEP drawing (50 % probability) of Cr2. Hydrogen atoms are omitted

and carbon atoms are drawn as spheres for clarity. For complex Cr2, the atoms with

and without a prime are related with a relation of a center of symmetry each other (1-x,

1-y, 1-2).

Table 5-3. Selected Bond Lengths (A) and Angles (deg) for Cr2

Crl-N1
Cr1-N35
Nal-N5'
N1-N2
N1-Cr1-N3
N1-Cr1-N6
N3-Crl1-N6
N5-Cr1-N6
N2-Nal-O1

N6’ —Nal-O1

1.7621(14)
1.9143(14)
2.5875(15)
1.1624(19)
178.20(6)
97.46(6)
83.50(6)
111.21(6)
109.40(6)
106.00(6)

Crl-N3
Cr1-N6
Nal-N¢'
CrleeeNal'
N1-Cr1-N4
N3-Cr1-N4
N4-Cr1-N5
N2-Nal-N¥%’
N5°’-Nal-N6’
Cr1-N1-N2

Crl1-N4
Nal-N2
Nal-Ol1

N1-Cr1-N5
N3-Cr1-N5
N4-Cr1-N6
N2-Nal-N6’
N5’ —Nal-Ol1

177.75(14) Nal-N2-N1

1.8740(15)
2.2731(16)
2.3819(16)

97.93(6)
83.11(6)
119.02(7)
112.08(6)
131.45(6)
168.72(14)

“ For complex 2, the atoms with and without a prime are related with a relation of a

center of symmetry each other (1-x, 1-y, 1-z).




Figure 5-8. ORTEP drawing (50 % probability) of Cr3. Hydrogen atoms are omitted

and carbon atoms are drawn as spheres for clarity.

Table 5-4. Selected Bond Lengths (A) and Angles (deg) for Cr3

Cr3

Crl-N1 1.757(4) Crl1-N3 2.103(3) Cr1-N4 1.866(3)
Crl-N5 1.899(4) Crl-N6 1.904(3) Cr2-N7 1.751(4)
Cr2-N9 2.108(4) Cr2-N10 1.874(4) Cr2-N11 1.873(3)
Cr2-N12 1.898(3) Cr3-N13 1.752(4) Cr3-N15 2.098(4)
Cr3-N16 1.878(4) Cr3-N17 1.885(3) Cr3-N18 1.890(4)
Cr4-N19 1.758(4) Cr4-N21 2.104(3) Cr4-N22 1.854(3)
Cr4-N23 1.889(4) Cr4-N24 1.906(3) K1-N1 3.026(4)
KI1-N2 3.315(4) KI1-N5 2.951(4) K1-N6 2.950(4)
K1-N7 3.235(3) K1-N8 2.800(4) K2-N2 2.778(4)
K2-N8 2.692(4) K2-N17 2.866(4) K2-N18 3.023(4)
K2-01 2.793(5) K3-N11 2.899(3) K3-N12 2.046(4)
K3-N14 2.662(4) K3-N20 2.729(4) K3-03 2.651
K4-N13 3.106(3) K4-N14 2.767(4) K4-N19 3.086(4)
K4-N20 3.414(4) K4-N23 3.111(4) K4-N24 2.871(3)
NI-N2 1.169(4) N7-N8 1.182(4) NI3-N14 1.177(5)
N19-N20 1.166(4)
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Table 5-4. Selected Bond Lengths (A) and Angles (deg) for Cr3 (continued)

NI1-Crl1-N3

NI1-Crl-N6

N3-Cr1-N6

N5-Crl-N6

N7-Cr2-N11

N9-Cr2-N11

N10-Cr2-N12

N13-Cr3-N16

N15-Cr3-N16

N16-Cr3-N17

N19-Cr4-N21

N19-Cr4-N24

N21-Cr4-N24

N23-Cr4-N24

N1-K1-N6

N2-K1-N5

N2-K1-N8

N5-K1-N8

N7-K1-N8

N2-K2-N18

N8-K2-NI18

N17-K2-01

NI11-K3-N14

N12-K3-N14

N14-K3-N20

N13-K4-N14

N13-K4-N23

N14-K4-N20

N19-K4-N23

N20-K4-N24

N8-N7-Cr2

176.80(15)
94.69(15)
82.66(14)
115.98(16)
97.69(15)
82.78(14)
122.66(15)
97.47(17)
82.62(16)
118.95(16)
177.84(16)
96.67(15)
82.42(14)
116.61(16)
53.58(10)
71.14(9)
78.97(10)
148.41(11)
21.03(9)
141.95(11)
116.29(11)
144.84(13)
104.58(12)
125.66(12)
87.33(12)
22.16(9)
119.46(10)
73.21(11)
51.89(10)
70.71(9)

178.3(3)

N1-Cr1-N4

N3-Cr1l-N4

N4-Cr1-N5

N7-Cr2-N9

N7-Cr2-N12

N9—Cr2-N12

N11-Cr2—-N12

N13—-Cr3-N17

N15-Cr3-N17

N16-Cr3-N18

N19-Cr4-N22

N21-Cr4-N22

N22—Cr4—N23

NI1-K1-N2

NI1-K1-N7

N2-K1-N6

N5-K1-N6

N6-K1-N7

N2-K2-N8

N2-K2-01

N8-K2-01

N18-K2-01

N11-K3-N20

N12-K3-N20

N14-K3-03

N13—K4-N19

N13-K4-N24

N14-K4-N23

N19-K4-N24

N23-K4-N24

N14-N13-Cr3

99.51(15)
83.48(14)
116.30(15)
179.47(16)
97.11(16)
82.46(15)
114.38(15)
96.48(15)
82.97(15)
122.71(17)
98.82(16)
83.34(15)
122.66(17)
20.59(8)
119.08(10)
68.85(10)
66.25(10)
122.01(9)
91.21(11)
94.17(12)
116.10(14)
96.15(11)
88.76(11)
141.37(11)
98.824
113.51(10)
162.79(11)
107.69(12)
54.61(9)
65.20(9)

179.2(4)

N1-Crl1-N5

N3-Crl-N5

N4-Cr1-N6

N7-Cr2-N10

N9-Cr2-N10

N10-Cr2-N11

N13-Cr3-N15

N13-Cr3-N18

N15-Cr3-N18

N17-Cr3-N18

N19-Cr4-N23

N21-Cr4-N23

N22-Cr4-N24

N1-KI1-N5

N1-K1-N8

N2-KI1-N7

N5-KI1-N7

N6-K1-N8

N2-K2-N17

N8-K2-N17

N17-K2-N18

N11-K3-N12

N11-K3-03

N12-K3-03

N20-K3-03

N13-K4-N20

N14-K4-N19

N14-K4-N24

N20-K4-N23

N2-N1-Crl

N20-N19-Cr4

96.41(16)
83.21(15)
123.45(15)
97.02(16)
82.97(15)
118.22(15)
179.40(17)
97.87(17)
82.57(16)
113.57(16)
95.96(16)
82.74(14)
116.12(15)
54.29(9)
98.10(11)
99.96(9)
165.61(10)
112.27(11)
86.35(11)
99.02(12)
64.78(10)
65.67(9)
153.893
91.319
103.899
95.32(10)
91.41(11)
142.91(12)
66.89(10)
173.7(4)

175.9(4)
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Table 5-4. Selected Bond Lengths (A) and Angles (deg) for Cr3 (continued)

NI-N2-K1 65.6(3) N2-NI1-K1 93.8(3) NI-N2-K2 143.8(3)
N7-N8-K1 100.7(3) N8—-N7-K1 58.3(2) N7-N8-K2 157.8(3)
N13-N14-K3 154.8(3) N19-N20—-K3 148.2(3) N13-N14-K4 95.3(3)
N14-N13-K4 62.5(2) N19-N20-K4 64.0(2) N20-N19-K4 96.2(3)
K1-N8-K2 101.48(12) K3-N14-K4 108.28(13)

(A 02 4 ;"i"())

/“(\\,/"-T_I Ty g\/ — 62 /'\

\m &w*\ 015 -

Figure 5-9. ORTEP drawings (50 % probability) of Cr4 (left) and Cr5 (right).

Hydrogen atoms are omitted for clarity.

Table 5-5. Selected Bond Lengths (A) and Angles (deg) for Cr4 and Cr5

Cr4
Cr-N1 1.755(3) Cr1-N3 2.113(3) Cr1-N4 1.872(3)
Cr1-N5 1.892(3) Cr1-N6 1.883(3) Nal-N2 2.330(3)
Nal-O1 2.432(3) Nal-02 2.383(4) Nal-03 2.365(3)
Nal-O4 2.454(3) Nal-05 2.352(3) NI-N2 1.163(4)
NI-Crl-N3  179.11(11) NI-Crl1-N4  97.20(14) NI1-Cr1-N5  97.87(13)
NI-Crl-N6  96.66(11) N3-Cr1-N4  83.01(15) N3-Cr1-N5  82.77(14)
N3-Crl-N6  82.49(11) N4-Cr1-N5  119.29(15) N4-Cr1-N6  118.45(13)
N5-Cr1-N6  117.57(14) N2-Nal-O1  107.33(11) N2-Nal-02  138.65(13)
N2-Nal-03 101.41(11) N2-Nal-04  98.90(12) N2-Nal-05 95.12(11)
O1-Nal-02  68.62(13) O1-Nal-0O3  138.05(15) O1-Nal-04 133.13(12)
O1-Nal-O5 70.21(13) 02-Nal-03  69.58(14) 02-Nal-04 113.56(12)

118




Table 5-5. Selected Bond Lengths (A) and Angles (deg) for Cr4 and Cr5 (continued)

02-Nal-O5 119.38(12) 0O3-Nal-04 69.01(13) 03-Nal-0O5 136.99(13)
0O4-Nal-0O5  69.35(11) Cr1-N1-N2  179.1(3) Nal-N2-N1  152.6(2)
Cr5
Cr1-N1 1.7678(15) Cr1-N3 2.1226(14) Cr1-N4 1.8970(15)
Cr1-N5 1.8843(15) Cr1-N6 1.8994(14) K1-N2 2.7822(16)
K1-01 2.8620(17) K1-02 2.8232(14) K1-03 2.7912(15)
K1-04 2.8681(17) K1-05 2.7815(16) K1-06 2.8446(17)
NI-N2 1.167(2)
NI-Crl-N3  177.33(6) NI-Cr1-N4  97.71(6) NI-Cr1-N5  99.28(7)
NI-CrlI-N6  95.55(6) N3-Cr1-N4  82.75(6) N3-Cr1-N5  82.78(6)
N3-Crl-N6  81.98(6) N4-Cr1-N5  117.70(7) N4-Cr1-N6  120.86(7)
N5-Crl-N6  116.40(7) N2-K1-01 112.85(5) N2-K1-02 114.23(5)
N2-K1-03 89.83(5) N2-K1-04  86.38(5) N2-K1-05 86.07(5)
N2-K1-06 110.51(5) O1-K1-02  59.51(5) 01-K1-03 119.08(5)
01-K1-04 160.73(5) 01-K1-05 118.25(5) O1-K1-06  58.88(5)
02-K1-03 59.61(5) 02-K1-04 114.86(5) 02-K1-05 159.22(5)
02-K1-06 113.44(5) 03-K1-04  59.53(5) 03-K1-05 119.10(6)
03-K1-06 158.94(5) 04-K1-05 59.57(5) 04-K1-06 114.62(6)
O5-K1-06  59.43(6) Crl-N1-N2  175.97(14) K1-N2-N1 154.03(13)

Cr2 1%, HETHIZ 2 DD Cr-No-Na il 7 &2 & &, 251, BWITHFRD
fIEICH % (Figure 5-7)s % Na'4 A+ i3, Nl T OEKImER, 2 2DT I F

NJEF. BLXUPEO D OJFFEMHAEFHL T3, Cr3 i3, =2=v F AL HND
4 D D[CrK(LB)YN)[ER TR S 1, 4 2D No it F1x, = v FA v B XU
AVFVEATT2O00 K EMHAEEALTED, Cr4A A v O TEEL T

(Figure 5-4), Cr4 & Cr5 A WICIEHIC X A& 2 o TH D, 727 v o (4
VeI TUVI—TARRM LT AR ) EEA A v Nat T2 KHofEicE
FNFIEREL T3 (Figure 5-5), T4 H DEEADFFD N-N ¥ X U Cr-Nne D
AR WIND, Cria(1.188(4) XU 1.8052)A) X X Crib(1.185(7) &
X 1.804(4)A) XY bFEWHRPITH 572, —JT T, Cr2, Cr3, Crd, 5 X U Cr5
D Cr—Namide B £ O Cr—Namine DFE A RIL.Cr1 DGR L 0V DR o Tz,
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Crd 5LV Cr5 07 77 v T —TA03b ORI TFHOFEEETAh
Y &JEA A v OfEEIX. ZNZE N 0.7472)F L O 0.4998(10)A TH -7z, Crd D
Na' 4 A VI Cr5DK A4 v X0 FHEr o T b %2 RL T3, Cr2,
Cr4, BXUCr5 ® AM—Nn2 (AM =Na', K" AR, T h 2.2731(16).
2.3303). BL U 2.7822(16)A TH V., Cr3 IC BT % KN DFHEAERIT T v
FAYE—FT2715A, ¥4 FAVE—FT3.09 A TH o7, BEICHEX
nTwdn TFHFI Y LAFTVBHAEFEHL TWw 3 EREERICE T 5 Na—Ny
DiEERIL 2160 — 2489 A TH Y., Cr2 & Crd ® Na—Ny, DFEARIL Z DH#i
FNICH 20510 —F T, Cr3 8L U Cr5 ® K—Nw i3, BERICHREINLTWD
DLV BV, n:2.536-2.726 A, 1n%:2.697-3.003 A8, Z D &iE Cr3
& Cr5 iZBnT, K'eEFRDIFHENS CHAFRLTWwa 2 & 2% L T
W5,

5.2.4. #5fK Cr2 — Cr5 @ Cr K-edge XANES X =7 |} )L

FER Cr2 — Cr5 @ Cr K-edge XANES A7 b A3 X U= AMlidE#EE 2 b >
Cr(ID#&E{A ([Cr'CI(LMe2)]Cl YD A= 7 b )L % Figure 5-6 IC/R L7z, T4H DFER
X, Cr2-Cr5 BT 22 NZEND Cr 4 4 v DELIREER IV TH 2 nlHetE 25
WZ L BRI L T b, CrIDEHESEIR ([CrICI(LM?)Cl) & D HE#RIC X Y, #Hfk
Cr2-Cr5DZNEND Cr A A v DFEAIRER T XTI TH S Z LITHETE,
Cr2 — Cr5 @ Cr 4 #+ v OELIREEDS 1T TH 2854, Cr(IDEHESEKR & Cr IV)EE
HEBEAD 2~ 27 P AL DHRAHBETC AL VY Iy YDV E EBRVBRONE LEZ
biLd, TD7=®, R Cr2—Crs DZNZ D Cr 4 4 v DI LIREEIT 11T TiX
BAIVTHLIERELBEEZLND,

FEIR Cr2 — Cr5 TlE. 5990.2 eV D pre-edge ' — 7 DA E X, Crl & ELL T
ZALE T, 5992.7eV ICHT L W — 7 BB XNz, 5990.2eV D — 2 F dx*-
VHLEICHK T 2 & FREIN, 59927 eV DY —271% d2? BhEichkT 3 LT
Hah3 (LTFTODFT it 27> a v 228), L7225 T, Crl LEITAI & L
TOF M) v LEREAY Y LERBEDOKIGTIE, £9 Crl DRI CrIV)Hs
CrINICETCINTHEE L, 2D 7 7 7 AV F2PFHU N AR E NS Z &I -
T Cr(IV)-No-AM HZER L. £ Dk, LZEFLL T Cr2 8L Cr3 2B T
5EFz2060%, Crl BLUD Cr2 — Cr5 ® XANES A= 7 b V25> & HEH]
ENBEIIC, TNHLDFERIZ. NI TEYIA F) 2BCrIV) & Cr(IV) E 7213
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CtIV)E T AV EJEA F v ORICEUEEINTWBE T EEZRLT WS,

52.5. 7 uAL(AV)EREA Cr2 - Cr5 O FERRE

Cr2. Cr3. Cr4. B LU Cr5 O N—N HffifRE vIN—N)IZ. Z 15 DfESE
WP OO X I, RIEETH 2L ELH L, 22T, BERIKRED IR 2~
7 P AERHEE L7z, vIN—N)iE, Cr2 Tl 1813cm™, Cr3 Tl 1804 & X U 1774
cm™', Cr4 TiZ 1813 cm™, Cr5 Tid 1807 cm™ THUH X 4172 (Figure 5-10, 5-11),

1804 cm™

1813 cm™!
4000 ‘ 3000 ‘ 2000 ‘ 1000 ‘ 4000 3000 2000 1000
Wavenumber / cm™! Wavenumber / cm™

Figure 5-10. IR spectrum of 2 (left) and 3 (right) (KBr)
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1813 cm™

1807 cm™!
4000 3000 2000 1000 4000 l 3000 ' 2000 Y 1000 I
Wavenumber / cm-! Wavenumber / cm™!

Figure 5-11. IR spectrum of 4 (left) and 5 (right) (KBr)

Cr3 Tl I nz2 20— 2713, fmEIC Ao 2 2 IO N, AL
JGEL T3 (NI—N2, NI19—N20 = 1.1675 (av.) A ¥ X 8 N7—N8, N13—N14 =
1.1795 (av.) A)e VIN—N)HDIER X 3<5<2,4 £ 72 b | N—N #EAEDIERF 2,
4<5<3 EIEHICEILSHIGLTWS, LaL, ZORIZ. 7y v a7 Ashir
LPHENBMEAMICKLTWEEL, g, 7u0bth )T LAF DT R,
r7a bl F IV LAFTYDORT XD S NN G ZiENL 3 2 R &
TEERBLTWS, EEE mibdT2X5ic, Cr3&Cr5i3Cr2 & Crd X0 3
EWERMCEZR L 72,

W D 7 v LR Cr2, Cr3. Crd4. B X U Cr5 Ok X UV E FIREZ 4
%7291, 'THNMR A7 t V7% CeDe ¥R H CTHIE L 72, % L% 2 Figure 5-12,
5-13, 5-14, BIX U515 T X HIC, ZNH 3T _XRTHEHETH - 72,

Chemical Shift / ppm

SN o a:7.63, br, 12H, Ph-H
Sl (I b:7.37,f, 12H, Ph-H
Chn NP c:722,t 6H,Ph-H
e e N d: 555, br, 12H, Ph-CH,—
8n i T 327,q, 8H,-CHyepo

e:
) \ :3.19, br, 12H, —CHotpen
Et,0 N g: 1.47, br, 12H, —CHoyren
h:1.11,f, 12H, CHsgpo

Vs S S S
h
e
d Lf g
9 8 7 6 5 4 3 2 1 o

Chemical Shift / ppm

Figure 5-12. "H NMR spectrum (500 MHz) of Cr2 in C¢Ds. The peak with an asterisk shows solvent.
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Bn
ﬁ:f}:im% IR a: 7.80, br, 24H, Ph-H
me Ve NN b: 7.38, br, 24H, Ph-H
e VA = C 716, br. 12H, Ph-H
NS rANNELNY d: 543, br. 24H, Ph-CH>—
ETRE ST €:3.37, br, 24H, ~CHop,
o 2 26,q, 8H, ~CHrrpo

Chemical Shift / ppm

f:3.
9 1.72, br, 24H, ~CHoen
h: 112, ¢ 12H, CHerpo

JF ok

ok " A‘ (

- A )

9 8 7 6 3 3 2 1 [+
Chemical Shift/ ppm

Figure 5-13. "H NMR spectrum (500 MHz) of Cr3 in C¢Ds. The peak with an asterisk shows solvent.

to o Chemical Shift / ppm
0>N£:’° a: 810, br, 6H,Ph-H
o b: 7.45, br, 6H,Ph-H
N c: 723, br, 3H, Ph-H
s v d:5.99, br, 6H, Ph—CH,—
N~Cr/\\N e:3.68, br, 6H,—CHyyeq
e - f:2.85, br, 20H, —CHy—1505
NS | 9:1.92, br, 6H, —CHoyon
Cr4

Chemical Shift / ppm
Figure 5-14. "H NMR spectrum (500 MHz) of Cr4 in C¢Ds. The peak with an asterisk shows solvent.

Chemical Shift / ppm
or\o\ﬁ a814,d, 6H PhH
S b:7.46,f, 6H,Ph-H
S5Te ¢ 725t 3H PhH
] d:6.00, s, 6H,Ph-CH,—
s - e 369.f 6H —Chymmn
N~c/\_\N,.® f:2.90, br, 24H, CHy—g.5
A{J g:188,t  6H,—CHren
Cr5
. o B 3
f
d
b
a . g E1,0 *u ‘E:;o
9 8 7 6 5 4 3 2 1 o
Chemical Shift / ppm

Figure 5-15. "H NMR spectrum (500 MHz) of Cr5 in C¢Ds. The peak with an asterisk shows solvent.
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Cr2 £ Cr3Dy 7 FNig7u— KD T, EROEERIEAIREES 1T T
CIHERTHEICIZR S N B AREEDR D B, L7zh > T, 25-65°C BT 5l
JERZ2 'TH NMR HliEZ1To 72, ZDFEFR. Cr2 & Cr3 DY — 7 [3iRED LA &
EDICHOIT I oz, EHLO0EAY COREHFTHL VWY — 21
B X e Do 72 (Figure 5-16, 5-17),

IR N Y
jjfdljt JKJ_.LLL%

T

308 K JL
QL I*
8 7 6 5 4 3 2 '

Chemical Shift / ppm

3

} %

298 K

3

Figure 5-16. "H NMR spectra (500 MHz) of Cr2 in toluene-ds at 298, 308, 318, 328, 338 K. The

peaks with an asterisk show solvents.
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338 K

=

328 K

=

318 K

=

308 K

=3

1
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A

} %

2908 K

L
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Chemical Shift / ppm
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3

| Sl Sl il =

—
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Figure 5-17. "H NMR spectra (500 MHz) of Cr3 in toluene-ds at 298, 308, 318, 328, 338 K. The

peaks with an asterisk show solvents (toluene and n-hexane).
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L7225 T, Z DEEHIFH T CeDs @ Cr2 & Cr3 DIRWHMEEZIET 5 2 &1
TEhDPo7z, £72.Crd & Cr5 1Z 'THNMR A7 PADBHMTH L L2 b,
BT D LB"Cr—N>—AM—cr {(AM, cr) = (Na*, 15-crown-5), (K*, 18-7 7 7 v/-
6)} D =i REE R R o TV E L FEZ LS, Cr3, Crd, BX U Cr5 ® BN
NMR Z~27 bV HEE I, BEFESTDONETD Cr KHEALTWEET% o
EL. KiNEFZBLLAEEE, ZRoDfb¥ v 7 MEIZRD LB TR -
7z (Figure 5-18), Cr3 TI¥ 1.79(N.) 8 X U -71.26 Ng)ppm. Cr4 Tlt 4.19(N
«) BLUW 3690 (Ng)ppm. Cr5 Ti 4.79(N,) H XU -2522 (Ng)ppm & 72 -
720 Cr4 & Cr5 ® "N NMR OFER% KT 2L, Crd D 2 DD —7 (% Cr5
L@ cBlillINs 226, Crd D N iU F OB L Crs &1
LRTEALL T3 eEZ LN, Crs DY — 2713 Cr3 X 0 b ARREIS AN 8L
ENTZD, ZRIZCr5 D7 77 VT —T A DRSO EICLE DLE
Zbb, Cr2 ® BNNMR A7 b VIZFEHIR 23R € 72 2 72 o 8Ll & g

277,

(A) 1.79 -71.26
=T * ¢ 5 T T ' ' " R F e = "
200 150 100 50 0 -50 -100 -150
Chemical Shift / ppm
(B)
4.19 -36.90
2(|)0l o l1éOl o l1(IJOl S 5IO. S l!) o .-5lOl o l-1(|)0l o l-1l50
Chemical Shift / ppm
© 4.79 -25.22
200 150 100 50 0 50 -100 -150

Chemical Shift / ppm
Figure 5-18. '’N NMR spectra of Cr3 (spectrum A), Cr4 (spectrum B), and "N{'H} NMR

spectrum of Cr5 (spectrum C) in CeDe.
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5.2.6. %R Cr1-Cr5 BT BERMERSFO 7 v F VLIS

N2 BLfZ T 7' v b VALRISZ 215 DFEERICH L TiT o 7z, #ED#E TIL.
7 u NEFRBRICH L, @ e 7 e b vJE (HCL HOTS, 7213 ¥ =7 L)
Z M L 72 NHa. NoHa 35 X OF N(SiMes)s ~ DAL B ERAY £ 72 13 ARBEAY 284 72
& LT plmiteete jlmnal =412 Mock., Xi, 3 £ &8 Murray & 13, &% 7z Me;SiCl
BIXUNa £721F K OFET T/ v AR Z IS5 2 LiIc X o T, N, Ofi
B ) AAITELED L T s 5000mn] - Nishibahyashi © (& PCP Y v v ¥ — {71
ET 570 LA, No 20 LTERE NHy & NoHy ISl e 23 % 2 & 23
H LN Z o, Cr1(IV) & HOTE & O )G T NHs & NoHa 134K L 7220 -
7o TN, 78 b AL ORI TH 2 BB E 213 b L VRN TR T
HLAREEELRDD, Ny 7 Fr—a v, NoSilEitT 2 EE 2 b5,

—7. Cr2, Cr3, Cr4. XU Cr5 & HOTf DG TlE, PERIFZIEF IT/E W D
DD, 7u b ALERYIE LT NH; B X O NoHy 288 H & 172 (Table 5-6), % C
T, IS OFERICETTH] & BE% KIS X ¥ 72 (Cr2, Cr3. Cr4, 7213 Cr5 X
LCHi7jedh 80 M, NHz & NoHy DULRIFHT & b 7 usf Aol ge L
TatE I Nz), ZOfEE., Crl ZHEH L 72856 D NHy & NoHs" O I1Z, 21
Z 193% & 154% T THIML 7= (Table 5-6, entry 3).

NH; BELUONHs i, 'HEBLXUBPNNMR & p-V AF AT I/ RVYXT LT
FiEzfEH L <, RICERY & L Tiils L OE=E{LL 72 (Figure 5-20. 5-21.
5-22)%241 NH4*® 'HNMR A7 bvix, 7.01 ppm (‘Jxu=51Hz) TDO U 7
Ly boe—2I=10"N)) &, CrI’ZfEH L 2856, FCAETE 7Ly Fo
v—2 (I=1/2 (*N)) ((Jxu= 72 Hz) THEZE L 7z (Figure 5-19), Crl OfUb Y i
Cr1'ZfH L 7ZEED G2 b5 b - A @ PN{'H} NMR A2 i,
-330.46 B XU -357.90ppm IC 2 2D =2 Z/R L, ZNZ N NoHs' 35 X 8 NHy'
ICHI Y M T o7z (Figure 5-20), K[CioHg]Z =TTl & L TR L 72354 (Table 5-
6. entry3. 4. 7. 8. 11, 12). No DRy 7 28I (X, Na[CioHs]Z M L 72
Ba L bEr oz, THIE KHE Ny B F ORI O AEER 25572, Ny i
fifo 7w b MAEAREEI N, KIZEDRDOTA Na' 2 G0 R L0 HAHIE
Bl lrotzbEZbN5, —F, Crl, Cr2, Cr3, Crd, 5LV Cr5 »7 v b
ALRIS T, 7u b viEE LT HCl 2FH L 728546, NoHs DA BMEF 57z
(Table 5-6. entry2. 4. 6. 8. 10, 12), Z# 5 DFEEIE, HCl #1523 &, NH;
BRI NDHNC ClAA v 7aaft vy EALL, No $7210F NoHy Z50H T

127



5ZLERLTCWSARREDLD 5,

15NH4+
| |

14NH4+
1Jxu=51Hz

T T T T 1

7.2 7.1 7.0 6.9 6.8
Chemical Shift / ppm

Figure 5-19. "H NMR spectra of [NH4]" that were obtained from the protonation of '*N-labeled Cr1
(Cr?°) (top) and '“N-labeled 1 (bottom) (DMSO-ds, 500 MHz).
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-330.46 -357.90

15N2H5+ 15NH4+

A 1

300 -310 -320 -330 -340 -350 -360 -370 -380 -390  -400
Chemical Shift / ppm

Figure 5-20. "N {'H} NMR spectrum showing the generation of "NH4" and '>N,Hs" obtained by
protonation of '’N-labelled Cr1 (Cr1°).

(0)
\w
H H
(standard)
&
— 3 —
NH,*
f_%
o L
7.0 6.5 6.0 5.5 5.0

Chemical Shift / ppm
Figure 5-21. '"H NMR spectrum showing the generation of NH4* obtained by reaction of Cr1 with
80 equiv. K[CioHs] and 80 equiv. HOTf (DMSO-ds, 500 MHz). Chemical shifts are shown versus
DMSO-ds (2.50 ppm).
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Table 5-6. Quantification of Ammonia and Hydrazine Produced from the Reaction of Cr1,

Cr2, Cr3, Cr4, and Cr5 with Reductants and Proton Sources?

yield® / %
entry complex reductant proton source
NH4* NoH4¢
1 HOTf 6.6 6.31
Na[CmHg]
2 HCl n.d. 2.38
Crl
3 HOTf 19.3 15.43
K[CioHs]
4 HCl n.d. 18.07
5 HOTf 7.2 0.16
Cr2 Na[CioHs]
6 HCl n.d. 9.44
7 HOTf 26.7 15.20
Cr3 K[CioHs]
8 HCl n.d. 53.67
9 HOTf 33 2.69
Cr4 Na[CioHs]
10 HCl n.d. 10.13
11 HOTf 29.0 12.77
Cr5 K[CioHs]
12 HCl n.d. 42.30

[a]All reactions were carried out in THF at room temperature under N».[b]Yields are
given for a chromium ion, and these values are an average of three trials. [c]Yields of
NHs" and N;Hs were determined by 'H NMR measurement and p-
dimethylaminobenzaldehyde method. ~Concentration: 6.7 x 10~ M for this work.

52.7. S v AIV)ERSE O/ &R0 BRI
Crl 3 X UF Cr2. Cr3. Cr4, Cr5 ® DFT &H51E BP86 &l L 7213, 7272 L,
Cr3 BEM G L Ri27c o, SIHZHHRLT 27201, 2 2D HIL 7 v LER
Bk 2 0D KA F v h b b X4~ —HiEE T A& R/ MEEHA (Cr3Y) &
L7z, 4 DOHK 7 0 LEHEAL 4 DD KA A v b OfEE LCEHELZ
(Cr3*%), Table5-7 ICRT L 51T, Crl ICHIF 2 Cr-Nuofié. N-N fEd. L O

VIN-NYEIZ DO WCEHR S N2 E T A — 203, FHfEE X —FEL T3,
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Table 5-7. Structural Parameters and Energies for Some Dinitrogen Chromium
Complexes Estimated by DFT Calculations!®®!
Cr-Nn2/ A N-N/A VIN-N)/em™? A G /kcal/mol

Neutral type
[LCr'V-N,]° 1.862 1.145 2002 -10.1
[LCr'V-N,-Cr!VL 0l 1.800 1.191 1774 —42.2
(1.806) (1.188) (1772)
(1.185)
equilibrium!®! -22.0
Reduced type
[LCr'V-N,](Na*) [f 1.731 1.189 1814
(1.755) (1.163) (1813)
[LCr™Y-Ns]o(Na"), ¢! 1.747 1.182 1839
(1.762) (1.162) 1841
(1813)

[a] Values calculated with DFT method. Values in parentheses are experimentally obtained values [b]
L =L?" [c] Evaluated at 1 atm, 238.15 K. The values at 1 atm, 298.15 K are —7.8, -36.5, and —20.8
kcal/mol for (eq. S5), (eq. S6), and (eq. S7), respectively. [d] Values for complex 1. [e] Calculated
with eq. (S8). [f] Values for complex 4. [g] Values for complex 2.

238.15K BT 52250 CrLB & N, o] oftié H = 4 L ¥ — 1%, -42.2 keal/mol
EEMAE X N ARFEINICTZ AL & L7z AL BE(R CrlV(LBM)(N)8 (S = 1/2.-10.1 kcal/mol)
(Table 5-7) & O b LETH 5, F7. Crl & HELEEE CrV(LB)No) D ] o i 1%
—22.0kcal/mol TH YV, Crl OV LEL TSI LZRLTWE, T,
Cr1(IV)EEARD Ny O I X VHALIEER~D B RICH L THETH 5 2 & &R
LT3, Ziff T G T A v ¥ —13-20.8 keal/mol & 72 Y (Table 5-8),
PREEZ XY 7 I F Mo(IINE R A (-11.6 keal/mol; M06-L meta-
GGA functional CTRIML I N72) DIFIT 2 fEDME L 7 - 7227, Z D Mo(IIDEEAIC
FEHOZIC T I VIETE L R0, G R0 2 BB SR E RIS IET I
TCETHD LIS OFERIZ, AOBREFIELTVE,
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Table 5-8. Calculated structure parameters and energies for p-dinitrogen dichromium(IV) complex
Cri1t

Calcd. Crystallogr.
S(S) 0 1 3 Crla Crlb
S (caled.) 0.629 1.039 3.016 - -
Energy (kcal/mol)®! 7.4 0.0 59.9 - -
Enthalpy (kcal/mol)! 7.4 0.0 58.0 - -
Free energy (kcal/mol)[¢] 8.1 0.0 53.3 - -
Bond length (A)
Cr-N(N») 1.795 1.800 2.065 1.805(2) 1.804(4)
Cr—N(amine) 2.135 2.134 2.140 2.096(2) 2.098(4)
Cr—N(amido) 1.887 1.889 1.934 1.863(2) 1.862(2)
1.887 1.889 1.912 1.867(3) 1.862(2)
1.887 1.889 1.913 1.861(2) 1.862(2)
N-N 1.190 1.191 1.188 1.188(4) 1.185(7)
Bond angle (degree)
£Cr-N-N 179.9 179.9 129.9 177.8(3) 180.0
Frequency (cm™)
V(N-N) 1763 1774 1673 1772

[a] The optimized structure has D3q symmetry. [b] Energies at the bottom of the potential energy
surface. [c]Evaluated at 1 atm, 298.15 K.

Crl, 83X Crda D7 v v 7 4 THTHERIL, ZZ 1 Figure 5-22 @ A
EHBENCR U7z, MG CrIYLEY) I X OV Ny 2 & RGBSR Crl ~ DRI 7o ki
H7 AT, 2 20 CrILENEEARD DD 4 DD d BT, Cr—N—Cr ICH
% R o EAEUE (C—N FauE e N—N KiEATHE) ks hTtn?
dny(me) B dny(me) 2 G T2, L7225 T, 70 L0 bEHRST~Di
WEFHGIC X > T, Cr—No fia 2358 < 72 . WS N—N #2595 % 5, &Y
D2 ODAX dEFIE, K7 v i b ZEHHEE Cr—N—Cr n G & E T
H 5 dn(m*) BLY dnym) % 5HET 5, ZORFEEER. o HaobhAIn
7o n fiAHELZ L&D dy B L dy, WUEICEA L. £ Z 1D ungerade
combination Z{F % Z L ICHKRT 5, dn(m*) B L O dny(m*) #LED HH 1, Cr—
N fSEHEFR%ZHD 5 2 LT, L2 b 0BG 2O L, N—N &
MAERZRD 2, L7edi> T, ZORBW RS 7 a3, LTICHHT 3
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Lo, 7L oE RS ~AILT 1 E7BHZECT, chbHoD
X, Crl DG B S < v 2 =27 P A OFEBRIFEFE L XSG L T
W5,

N N

1.0 x ,ﬂ*(Nz) (\ﬁ (}j x 7y

N-——M—N——N—M—N

H))

3
- *
3
=
4

0.0 — d6x2_y21d6
__ "au / "
1.0 A da N —(\fp—N —N—-—(éD—N N_(\N?E_NEN_N*"
:/_ d6 - Q{) \\) NV
3 d(m) 4 »
- 201 A\ 7 dpy (m),dpy (
3 —  dgm) %ﬁ@:@ & i (e ()
_g -3.0 %E—N—N—Na
° | d"x(ng)’ ME (I\D-:(Nw M=<—N
i dpr () Satlé
N N
-5.0
+N,, +2e
{Cr,(N,)}° — 2{Cr(N,)}*
-0 | dinuclear (S=1) —_—> mononuclear (S=0)

Figure 5-22. Frontier orbitals for complexes Crl (left) and Cr4 (right). The orbital
energies represented by dashed lines are those for the lone pair orbitals on amido N atoms.
Two parallel spins occupying orbitals mean that the mutually orthogonal occupied orbitals
are doubly degenerate. Energy levels for the a- and B-spin orbitals each are shown in
different columns for complex Crl (dinuclear, S = 1). The orbital labels consist of
rotation symmetry about Cr—N(N2) of d orbitals and n-bonding properties of Cr—N(N>),

n and ©*, with inversion symmetry of the dinuclear complex, g and u, in parentheses.

Cr K-edge XANES IZDOWCEIH 21T o 72, BRI N7ZBREICH T % XANES
A7 FLDIRE% Table 5-9 IC/R T, 5835.15 eV Tl X 7z 4 BRI
KEEIX. SOMO ~DE, dryy(m*) ICIREI Nz, 1.05 BLXD 1.17eV TD
RO DONEIREE 4Es L v ECEHE I N 4 EifRIERER., thth
LUMO ¥ X Y LUMO+1 ~D & (ds,). F & U LUMO+2 ¥ X ' LUMO+3
~DEF (ds,) WKIREX N7z, 2.04 XU 239eV TORVIDOIIREX Y E
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TR I 7z 2 EiEREREIX, 2 X LUMO+18 X U8 LUMO+19 ~
DB, doy BLY dog TH Y. 5990.2eV DIROGIIHET X, drgy(me®) HIE
BB INL, BHEINZ NV FOMEE X 5992 eV 205 5994 eV D FHEIE
THRC2ICR D, T O, 5992eV FLD d, L O ddy HLE~DER &
5993e¢V LLED doy BL W do, HLUE~DBEZ G EEZ LN D, 2 Hifil H:
BECik, 4 DRI 2K T 2 ICIXAB D TE TE D, 5992eV fHED 0.1eV
DEIPHIC B 5 I E D 4 BAFRIRE~DER O RE 1L, 2 EMHEIREDER DR
XY dEnwePEING, doy Bl & do, HUEDOM DK E 2 ZiZ. Na(o*)
WiE L D o MiEMHAERBHIF OWLUET A V¥ — 2 (KT X2, Na(o) Wl & D
o-IEAMHANERAPREDRET AN —% EREI L L ICRKT 2 &%
bid,

Table 5-9. Calculated Excitation Energies from the K-Shells to 3d-Shells on the Cr

Centers
E (eV) AE? <S%> Destination orbital® weight (%)

1

1 5835.16 0 212 SOMO dnx(my*) 100
2 5835.16 0 212 SOMO dnx(my*) 100
3 5835.16 0 2.12 SOMO+1 dny(n.) 100
4 5835.16 0 2.12 SOMO+1 dny(n.) 100
50 5835.71 0.55 3.12 LUMO ddg(xy) 100
6° 5835.71 0.55 3.12 LUMO ddg(xy) 100
7° 5835.71 0.55 3.12 LUMO+1 d84(x*-y?) 100
8° 5835.71 0.55 3.12 LUMO+1 d84(x*-y?) 100
9 5835.87 0.71 3.14 LUMO+2 ddu(xy) 100
10° 5835.87 0.71 3.14 LUMO+2 ddu(xy) 100
11 5835.87 0.71 3.14 LUMO+3 ds.(x-y?) 100
12 5835.87 0.71 3.14 LUMO+3 ds.(x-y?) 100
13 5836.2 1.05 3.08 LUMO ddg(xy) 100
14 5836.2 1.05 3.08 LUMO ddg(xy) 100
15 5836.2 1.05 3.08 LUMO+1 d84(x*-y?) 100
16 5836.2 1.05 3.08 LUMO+1 ddg(x?—y?) 100
17 5836.33 117 3.09 LUMO+2 ddy(xy) 100
18 5836.33 117 3.09 LUMO+2 ddy(xy) 100
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19 5836.33 1.17 3.09 LUMO+3 ddu(x>=y?) 100

20 5836.33 117 3.09 LUMO+3 d8,(x2—y?) 100
69° 5836.83 1.67 3.14 LUMO+18  doy(z?) 100
700 5836.83 1.67 3.14 LUMO+18  doy(z?) 100
79 5837.19 2.04 3.1 LUMO+18  doy(z?) 99
80 5837.19 2.04 3.1 LUMO+18  doy(z?) 99
81° 5837.22 2.07 3.14 LUMO+19  dog(z?) 99
82° 5837.22 2.07 3.14 LUMO+19  dog(z?) 99
87 5837.55 2.39 3.09 LUMO+19  dog(z) 100
88 5837.55 2.39 3.09 LUMO+19  dog(z) 100
2
1 5835.27 0.11 0 LUMO d8(x%-y?) u 87
2 5835.27 0.11 0 LUMO d8(x%-y?) u 87
3 5835.29 0.13 0 LUMO+1 d8(x%-y?) g 83
4 5835.29 0.13 0 LUMO+1 d8(x%-y?) g 83
5 5835.3 0.15 0 LUMO+2 dS(xy) u 9%
6 5835.3 0.15 0 LUMO+2 dS(xy) u %
7 5835.32 0.17 0 LUMO+3 ds(xy) g 94
8 5835.32 0.17 0 LUMO+3 ds(xy) g 94
61 5837.08 1.92 0 LUMO+30  do(z) g 100
62 5837.08 1.92 0 LUMO+30  do(z) g 100
63 5837.18 2.02 0 LUMO+31  do(z®)u 100
64 5837.18 2.02 0 LUMO+31  do(z®)u 100
4
10 5835.52 0.36 0 LUMO+9 d(xy) 100
11 5835.6 0.44 0 LUMO+10  phenyl(r),d5(xy) 100
12 5835.66 0.51 0 LUMO+11  dd(x2-y?) 100
21 5837.05 1.9 0 LUMO+20  do(z?) 100

[a] Relative excitation energies to the first excitation energy of complex 1. [b] Orbital labels are shown in
Figure 6. For the sake of legibility, d-orbital types are added in parentheses. ‘u’ and ‘g’ represents gerade
and ungerade for the central symmetry of orbitals in dimer complex 2. [c] The excitation energy of an o-
spin. The transitions in complex 1 without superscript ‘c’ are B-spin ones. The LUMO+18 orbital consists

of the a-LUMO+16 and B-LUMO+20.
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Crl (. XANES A7 b Arb, 78 LA 4 v ORAERD? 4 TH D ERE
TN, . yuTlEDX S, ROEEEHAFERSBEE I NS = 1), T0Lb D
B o, HIBRGE I, 3 2 VETFAD Cr(IV)(hs, TT) N2 (1 1)-Cr(IV)(hs, 11) (hs =
AL Y) THDERELERPL Crl @ Criflisr & N o BARET A v Vg
. ZNZN 113 L-0.17 THH, ZniF, 7 DAEIJMC$~@;< vCYRH D,
No E I A YRR ERRBL TS, L7z >T, Crl DAY VEE
SIS L 72 AT ECE (2. Cr(IID)(s,1)-N2(0)-Cr(IID(Is,1) (Is= KA & v) D X 9
IR Z 5, 2, EFRMICHEE SN HNIB#EE FET 5, £ 2T, fAld, Crl
THRUE S 28k~ e LIBHEE 2 S BCEREIBIBIC X Vi~ T, £, EXB-V
7F I — M) ITEBOEREEAR (S=3) LB L 72 (Fe()(hs, 1111)- N22(1))-
Fe(I)(hs, 1711)).

Table 5-10. Natural Orbitals in Active Spaces of CASSCF Calculations for p-Dinitrogen Dichromium
Complex Cr1* and p-Dinitrogen Bis(B-diketiminato)diiron(I)

metal Cr Fe
active spacel? 10, 8 10,14 18, 14

No. ONP!I  Typel ONP Typeld No. ONP!  Typeldel
130 1.96 d(Axl)N(m) = 193 Na(nl) 62 200 d(xy)u
131 196 d(B,2)N(n)® 193 Na(n2) 63 200 dxy)g
132 191 Nyxl) 173 d@D)Na(m*l)gn 64 198 Nj(nx)
133 191 Nym2) 173 d@)Na(@2)un 65 197 Na(ny)

134 1.03 dBxl),dAxr2) 117 dahNo@hun* 66  1.59  d(xz) Na(m*x) n g
135 1.03 dBxl),dAr2) 117 dm)No@)un* 67  1.56 d(yz) Na(n*y) g
136 0.09 Nymw*2)dm2)gn* 0.4 Ny(@*l)dxlgn* 68  1.01 d(yz)u
137 0.09 Nym*l)d@l)gn* 0.4 Ny(@2)dm2)gn* 69  1.00 dZA)u

138 001 4d@hNo@ ygn* 70  1.00 d(Ag
139 001 4dm@)Nom@2)gn* 71 1.00 dx’—y?d) e
140 0.01 4d(nl)Ny(nl)umn* 72 1.00  d(x>-y?)u
141 001 4d(m2)Nam)ur* 73 099 d(xz)u
142 0.00 d)Na(so*)uc* 74 047 No(ry*)u
143 0.00 d(A)Na(so)go* 75 044 No(x¥)g

[a]The numbers of electrons and orbitals in the active space. [b]Occupation number. The values close to 2,
1, and 0 mean doubly occupied, singly occupied, and unoccupied, respectively. [c]°A’ and ‘B’ represent
chromium centers A and B, respectively. [d]‘g’ and ‘u’ represent gerade and ungerade, respectively. [e] The
z axis are along the Fe-Fe direction, the x axis are on the molecular plane perpendicular to the z axis, and
the y axis are perpendicular to the molecular plane.
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Crl ® CASSCF 5 (Cr1€(S=1)) iZ. 22D 7 v ath.hicB I 3245 10 D
diE, BLU NSO 20D niiEe 200D n* BEIC 10MOEBE TR EHET
% z & 5| iE L . fiti R’ & L T .
(m(N2))*(3dn(mg))* (3dn(n*u))*(1*(N2)) (3doe) (3dou) (4dm(m*e)) (ddm(m*u)) IR L 72
T, 3d BB L adED A v 7 v FMHEA%Z IR L T % (Table 5-10), AFHERY
. “EEBEEAKOL G504 B, 18 & ). CASSCF & & I
(m(N2))*(3d3,)*(3d8u)*(3dn(me))*(3dm(n*u))*(3dou)' (3dog) (n*(N2))” & 72 U | No(n*)ifiid
DEEED 047, 044 &, REWEZR L2, ZHT 3dn(ng) & n*(N2) DGR L
7 hF74 MHABEEZERL T3, Cr1€D 8 HEIC 10 FE 1% A5 CASSCF &t
Holx, A7y MABIBEET 2 4 oD0E T2 C—Nwon fEEHEE., K 4
DDOBEBT D aN2)B L w*(Np) Wl Z A L. E72. 2D HEHUIL 0.09 72 - 7z,
2D p*N)FE IC BT 2K EHEIZ. CrI€D Cr .l & N #Hiaofiic 2 o0
n HHEBEDEREI NS 2 L ZRBL TWD, MIAMIC, AR D mx (N2
BOE AL, Fe(l)B L UMN)* S = 1) 4 A VFEEICO7R A5 Fe—Nno il
ADAY VEMRZTRE L T b, BRI N7 I B o EFERM -0.71 %
Ffo T3 2, CriI€Dia, /NI RIEEM 0.11 & 030 ZHH (Table 5-11), &
N DFEFRIT, Fe—Nn DA A ViHEEEES X Cr-Nyv ODIEEREEEZ RE L
W5,

Table 5-11. Natural Atomic Charges on Metal Centers and Dinitrogen Ligand in the p-Dinitrogen
Dichromium Complex 1° and p-Dinitrogen Bis(B-diketiminato)diiron(I) for CASSCF Density

Matrices
metal Cr Fe
CASSCF®! 10, 8 10,14 18, 14
Charge
Cr 1.22 1.20 1.54
N2 0.30 0.11 -0.71

[a]The numbers of electrons and orbitals in the active space.

Cr—Nn IC BT A RFAE T BeraBRBREE 2 E T2 72 2900
P OERTT~OEBTHBEPEFNICKE X 52 & T Cr(IV)—(No)>—Cr(IV) % &
L7205, Z 2o bEMSHORMPRE 22 L TELD EHEI NS, FT
fiti & Ji-FE M DBIRIIAHZ D, Cr—Nae Z N0 L 2 G E L, 7 e aduie
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N> DEWIERER 2 BT %, BP86 ZJE~ Y 7 A bEb/z2 v L
D NoHFIC BT 2P T A VERIX, Cr—Ne fiiGgomuitaiiéaic
ERLTWS, —F, KEFl Fe)2>d No i ~DBETFHEORS X1k, 4
A v Fe(ID)(11)-(N2)> (L ))-Fe(D)(11) #LENT 5, Lo T ftHEINZ
SRR DR FEM I, 4 A4 VSRR Z YN KBl Twv 5,

5.2.8. Hik 7 v A ERIEEOR G RHME O BRI

PR Crl @ 2 R ITEIE Tld, dn WE2 HE L % Cr—Nwo n i A HAAFEH
23, Crl @ dm MEZH7-9 2 DOBMOBFIC L > T HBIHEIN B Z & T,
Cr—Na fi A IEALEIC I 5, XTHAYIC, Figure6 DGO Crd D70 v 747
BUBICRINT WS LHIC, 40D dETFIE, Cr—Noen Al dr 2 563 %
7e®, §E 7 C—Naoe A zZIEKs 5, 2% 0. Cr2-Cr5 . Crl XY g
Cr—Nn i 2o T, Lo, ATl .ONRER Kb 5 729,
N2 #85r @ o #EEPLELA BB OO de Bl & RE S, Na N THofma4 U 5,
Z OWLEM AER I LSS AR D N JEME(L 2K T ¢ 572, Cr2-Cr5 Tl
Crl X0 b N-NFEAPEL 2D B Cr EXRBUHRPERL I N, Lo T,
Cr2 — Cr5 ® N—N fifx & Cr—Nwe i AR o 72 2D X 9 7B
TEE, RO —EFEITTIIEC Y 2 kv,

dryy(me®) WOED HHHRIT, “EERBEROLEE L. M—N2 I X U N—N
BOBEICHEST L, " ALY TAIA 1 FZRK TV Fe()F X U Co()FEAIC
BA3 285 OWFSE Tl drgy(m®)HUE D B A v v HH B R ERER 2 ALENL
L .HEEREERZEKRT 5 2 & 2 L7227, Yamout & 13 & DGR %2 —fb L.
M—N #E A D 1 AE A RENCBEA T 7228, 2 b ofER 2 5. dax/y(n*) Bl
DREICEHE I N KRERBERIALRETH V., P ERERO T 3L ENE
DEEPOLLEF LW ETFHIEINS, I bic, AR FIX, 3207 I FET
LV IN—=T B LR N, DENLIC X o TR 72 Daw S E D D Mys 2K T
% o Ja i 78 Dan NP X 0 L drgy(ne®) BB 1L drgy(rg)BLED 3 < B B LT
dd & do WUED TICAIES 2, ZMHBEAIT & o -G THAER L 72
Dan BJEHLICH VT, e"(dezy dy)PUEDTEIK T 2 dnx/y(mg) ¥ £ O dnx/y(me*)#iE
X, D dBLE X D D = AV F =K, dnx/y(m) B 2 dax/y(m,*) B X D D
RN LIFHLATH Y, THiL, B OWLED NoE7 D n* il L ZE L 72 n
HMAPEZTEK CTE 27-:0TH 5, dETHIRBOEAL Y Db, %
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72X ETD 6 Riid N4 AV Dy PO, BELR REREARZIERCTE 5 L
X NS, Crl DA, 2B TTEICICX>T3 2D dE T Cr i ENE
NICE MBI N, EREEVLTREABEKEREERNBER I NS,

52.9. HiK7 v AEREERO NeiFHLIONT 2T ARV &RBA A v ORE

TAH)EEA LV EED Cr2, Crd, LU Cr5 O X HfEEEETIZ. No
BAM A F v DORIHEAEL TEH NN #iE (1.162-1.182 A) (X, Cr1a(1.188(4)
A) BXUCrib (1.185(7)A) X Y b WHEADH 572, —J7T. Cr3(1.169(4),
1.182(4), 1.177(5), 1.166(4) A) ¥ X T° Cr5 (1.167(2) A) ® N—NfE&IE, 21 o
XY Cr2(1.1624(19)A) & Cra(1.163(HA) X Y b RWHAIZH 5, X b, Bl
EN7z Cr2—Cr5 (1774 — 1813 em™) @ v(N-N) f#EIRENZ. Crl (1772 cm™) X
DHRKEWV, 72, Cr3 (1804, 1774cm ™) I L ¥ Cr5 (1807 cm)ix. Cr2 (1813
em) BL R Cr4(1813em™) XV b FIT/hE v, 2o DfERIE, 7 v 288
HFO2 b BERD T ~DOBETHEGEEL. Crl X0 b 7 v L8k (Cr2 — Cr5) Dl
I AW L ERL TS, MNNM ET VICEBWT AM 4 A v BfHinL 72
2 LRI, 2 AAVEER L D b 7 e 2 S K OFFE 7 v AHFLICE -
T320 AM 4 A4 v ofRb W IGEBEEESMTMT 2 L0 b & N—N R#% b 7=
O3 kL 7 v AERERO No i L IZ . F P ) 7 A TR A ) 7 LDFH,
bIPICHANTH B,

HEHIC X o THED bz 2 BTEICHFD N-N #i& i3, BilllF — 215 &I
WKL b 2 & idmn 272 (Crl TlE, 1.191 A, Cr2 Tli. 1.182 A, Cr3¥ T,
1.185/1.193 A, Cr3¥TiZ, 1.193 A, Cr4 TiZ. 1.189A, Cr5 T, 1.187A)(Table
5-12, 5-13. 5-14, 5-15) L2 L. GFEINAvN-NNEIZ, FEHlT7T—2 L BB X
Z—E L 72(Crl T, 1774 cm™ | Cr2 Tid. 1839/1842cm™ . Cr3* Tl 1781/1819
em! . Cr4 Tlt 1814cm™” . Cr5 Tl 1811 em™), TAA V&IEA 4 v & Z DL
=TV EEE R HOFK 7 v LEHRHEROFE TIE. NN #H&ld 1.175
Al7Zb, £/, Cr2, Cr3*, Crd, BIXUCr5 oW TEHHE I N2 D D & LR
L C. N—N ffifgfc®) (1850 cm™) ., "M\ MEL x> 7z, T L DGR, Cr2,
Cr3¥, Cr4, X X Cr5 OYHNHE i3, HOHM 7 v LERBAOHEE
VIFRREE B I N2 2 LR LT w5, Np iGELZ2RET 2 T o0 ) &)F
A A v DIEER OEIT, B2 T CoR Cr2, Cr3?, Cr4, XU Cr5
IR 2K L C W 2 R[REE D H 5. N—N fARICET 2 b T2 A —E
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X, fmN oo E2 b DABERBFHREICEITN CANWI L TALA )&
BHhFA v OBHERT Vv, BLO, Cr3?icB T 7T I FEAMED K23
2722 L BRNTH 3 AJREMED E

Table 5-12. Calculated Structures for Dimerized Dinitrogen Chromium Complex Cr2

Calcd. Crystallogr.
S (caled.) 0.000
Bond length (A)
Cr-N(N2) 1.747 1.7621(14)
Cr—N(amine) 2.149 2.1133(13)
Cr—N(amido) 1.911 1.8740(15)
1.930 1.9143(14)
1.887 1.8841(14)
N-N 1.182 1.1624(19)
Na—N, 2.317 2.2731(16)
Bond angle (degree)
ZCr-N-N 178.8 177.75(14)
ZNa-N-N(Cr) 158.6 168.72(14)
Frequency (cm™)
V(IN-N) 1839/1842¢ 1813

“N-N stretching modes are coupled. The former is anti-symmetrically coupled mode with the IR
intensity 2141 KM mol™!, and the latter is symmetrically coupled mode with the IR intensity 0 KM

mol .
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Table 5-13. Calculated Structures for Dimerized Dinitrogen Chromium Complex 3’ (Closed-Shell S
=0)

Calcd. Crystallogr.
Crl Cr2 Crl Cr2
Bond length (A)
Cr-N(N) Cr-N1/N7 1.747 1.730 1.757(4) 1.751(4)
Cr-N(amine) Cr-N3/N9 2.141 2.154 2.103(3) 2.108(4)
Cr-N(amido) Cr-N4/N12 1.886 1.895 1.866(3) 1.898(3)
Cr-N5/N11 1.904 1.889 1.899(4) 1.873(3)
Cr-N6/N10 1.929 1.909 1.904(3) 1.874(4)
N-N 1.185 1.193 1.169(4) 1.182(4)
K-N: K1-N1 3.070 3.026(4)
K1-N2 3.389 3.315(4)
K1-N7 3.569 3.235(3)
K1-N8 2.722 2.692(4)
K2-N2 2.675 2.778(4)
K2-N8 2.728 2.692(4)
Bond angle (degree)
£Cr-N-N 176.2 179.4 173.7(4) 178.3(3)
£K2-N-N 152.8 126.5 143.8(3) 157.8(3)
Frequency (cm™)
V(N-N)* 1781 1819 1774 1804

“The main N-N stretching mode is on the N> bound to the chromium center shown on the top of the

column.
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Table 5-14. Calculated Structures for Dinitrogen Chromium Complex Cr4

Calcd. Crystallogr.
Barel? Barel? Cr4 Cr4
S (S 0 2 0 -
S (caled.) 0.000 3.016 0.000 -
Energy (kcal/mol)l! 0.0 34.0 -
Bond length (A)
Cr—N1(Ny) 1.767 2.072 1.731 1.755(3)
Cr-N2(amine) 2.155 2.231 2.156 2.113(3)
Cr-N3(amido) 1.900 2.011 1.899 1.872(3)
Cr-N4 1.903 2.009 1.897 1.892(3)
Cr-N5 1.910 2.010 1.901 1.883(3)
NI1-N2 1.175 1.159 1.189 1.163(4)
Na-N2(Ny) 2.281 2.330(3)
Bond angle (degree)
£Cr—N-N(Na) 179.2 134.5 179.2 179.1(3)
£Na-N-N(Cr) 163.4 152.6(2)
Frequency (cm™)
V(N-N) 1850 1889 1814 1813¢

[a]Complex Cr4 without 15-crown-5-Na* moiety. [b]Energy at the bottom of the potential energy
surface. “Measured by IR.
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Table 4-15. Calculated Structures for Dinitrogen Chromium Complex Cr5 (Closed-Shell S = 0)

Calcd. Crystallogr.

S (caled,) 0.000

Cr-N1(N») 1.737 1.7678(15)

Cr-N3(amine) 2.154 2.1226(14)

Cr-N4(amido) 1.899 1.8970(15)

Cr-N5 1.900 1.8843(15)

Cr-N6 1.901 1.8994(14)

N-N 1.187 1.167(2)

K-N» 2.621 2.7822(16)
Bond angle (degree)

ZCr-N-N 179.4 175.97(14)

ZK-N-N 164.1 154.03(13)
Frequency (cm™)

V(IN-N) 1811 1807

7 v LERERD Npgb X UEERD Ny i1 2 HARETEM X, o
7 u LEREARLD DA > TW72(Cr2 TiX, —0.13, Cr3¥Tli. 029 ¥
X 18022, Cr4 TlE. —0.18, Cr5 Tl¥. —0.24), XHMIC, NatB8 X UK A+ v
DHRTIRTEMITEDOHEL 7 v LER/EERDIZIT 1 THY, AWICIEFIC X
BITw3, Zhid, AT 2 AM A A Y OIEBEMAZ v adld b OETE
EREHEL, OO0 MEikET 2 2 2R B L CWwb, BEfRFICiE, Cr3?
& Cr5 O Ny #5r D AR T B[ (Cr3¥ Tl-0.66 £ -0.59,.Cr5 TliZ-0.61) 1*.Cr2’
L Cr4 OFEM(Cr2 Ti-0.50, Cr4 TIF-0.55)& H HAICHEL T3 (Table 5-
15 TV FAVE—FTKAAVERAELZ oD iE, Cr3' TL Y EVED
B ZFD, 2O DFERIT Ny B FICER I N2 BB MABN—NFEEGDFH D,
i X 2 EREEDOICHELHBEL T3 2 2 RB LT3, Naiftklbo

e L IIRIEIC, KSR OD AM 4 4 v & No B 7 ofEiE T AL F—,
F/23, 77U V=TI N AM 4 A v OB 7 v LERER
DAEE T AN ¥ —% Table 5-15 ICFC# L 72, Noliefi 1 & Na'ofESd T AL ¥ —
(1149 3 XV 64.3 kcal/mol)lx, NoFitfii T & K'ofEA T AL F— (1040 L
57.1 kcal/mol) X ) H K& 225 7=,
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Table 5-16. Natural Atomic Charges on the N> Moiety for Dinitrogen Chromium Complexes (Closed-
Shell S =0)

N> Cr AM

Na Np total A¢ Cr A2l
bare -0.02 -0.35 -0.37 — 0.06 —
2 -0.02 —-0.48 -0.50 -0.13 0.06 +0.00 0.90
340 -0.07 -0.59 —0.66 -0.29 0.62 +0.76 0.91
-0.11 -0.49 -0.59 —0.22 0.58 +0.52 0.91
4 0.00 -0.56 -0.55 -0.18 0.10 +0.04 0.87
5 -0.08 -0.54 -0.61 —-0.24 0.61 +0.56 0.88

[a]The differences of the charges on the N> moiety and the Cr centers from the bare complex. [b]The
upper values are the natural atonic charges for the N> ligand bound to two K* ions at the distal N atom,

and the lower values are those for the N ligand bound to one K* ion in the side-on mode.

Geri I X o T, No T ICHE A L7 B FZBE O A RS IX, N—N #5&
Dt L O Fe(DEERICH 32 Ny fEABFIME L HEI T 2 C L R & iz
@1, L2L, KNI Na" kD b5 RAETHY, 7717 X2 —#1%, K229
THO. Na' 2334 TH23BL znoon 4 2R, NatX ) d K O ns il
BT ALX—ICBET 2 EA A bR T vy vk —8T 5, FAokdo
KA A v BEGIEOEMZRE B, 550 No BUHIER Z 16 DRV v 4 RS %
YFRT AL W ETREMERICR o7, T HIC,. Na i3 2 KIOFERT V¥ v L
DEE X, AM—N, FEA R DU DfE Crd & Cr5 1B 2 AM—N, G R o
BofElX 0.89 THY, Cr2 & Cr3 DA TIE 0.87 (R/IMED AM—N, fEAE %
ffiffl) T& o7 (Table 5-16), TN O DHIZA A VAT AN ¥ — DEIEITUT W,
MHAEEH T AL ¥ —DfUMEIZ, AM A A v e Nofio e oEERDIEE ALY
DEENTH Y, AM—NL IFBIC X > TIEI NS Z L 2RI L T\ %, FREEM
AffHET A EEAZ AN T —DOBOA—HIZ. K L VDT HICKZ W Na DL
A A ICHET 2, Kicko TSN 2 Ny iGElLo ERHHIZ, 772
72— LTCoONA AEHETIE R, FHED Fe()iEA L 3R 2, ChbD
EICHE L 7288RIE, IFICHEBE L A 4 v Ll HAERT 2 7-0., #E51 /148
HEATH I EEZLND,
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Table 5-17. Binding energies of alkali metal cations to dinitrogen chromium complexes (Closed-Shell

S=0)

Na* K* K*/Na* [l
binding energy (kal/mol)
complex without crown!® 114.9 104.0 0.91
complex with crown ether (Cr4, 64.3 57.1 0.89
Cr5)lc]
electrostatic interaction
AM—Nn: (A)
bare complex 2.256 2.645 0.85
dimer (Cr2, Cr3#)ld 2.317 2.675 0.87
complex with crown ether (Cr4, Cr5) 2.281 2.621 0.87

[a]The proportion of the binding energies. The proportions of the electrostatic interaction are the
inverse of the proportion of AM—Nn» distances. [b]Energies calculated by eq. S9. [c]Energies
calculated by eq. S10 and S11. [d]The minimum AM—Nn; distances for complexes 2 and 3%’.

K'—N, OB TW 3 &, K4 A v & No &80 & OB A 1EH A
WY T 5, KA 4 v OEEREITTZHELH Y, 4 PA VAL REETH D,
2HFHD KA A Vit C3 0ROy FAVREAK A A vicma<, ¥4 F
AV EA T CEREMNFICHEAT L LR TE S,

KA 4 v ofEE L. 7DA¢U@EﬁﬁkPh®ﬁﬁﬁ%ﬁm3&5# a
A4 v OFEEIC X 2 IEBR OBEMIL, Ny O EER OB Z 4 5 1< ;%Jmf
5, 7 v LHODIEEM O, R Cr2-Cr5 TENZ 1L 0.0,(0.76,0.52),
0.04, BXW 056 TH o7z, Na " 2IH0IL 72 =B 7225 D 27 v Lo~
DETFHEG L. Ny B FICBE) T 2 BEFEEOBEK LM O . I, KN
RiZ, BICHEB LM T ECHELZEEP.O L o oBMEE 22 L, 8
ekl KA 4 v i RKOEEMAERZHER T E2oN 5,

L7235 T, B L7z KA A Vid, Cr 205 N~ B 5 % i ic
et L. No DiEME(L 32, —F., Nat4 & v S CHEA T 3 & 2 iR R
o Tldlnd, 361, FEHOH KA A vid, 7a b v e KIGL 2
OBHEICE L CTwd, WA A VHEFERAZ D720 FTRERA LV FEE2RD
K" /A voZofb2itEic kv, EREESTREIC R S,
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53. fEE

ZDETIE, 27 v LAV)EREER (Crl), BXUVZDETTERTH LT A7
V&EA A VY RAIL 727 v LAV)EZTEAR (Cr2, Cr3, Crd, Cr5) DEHK. ﬂ:
FHRETEE. MEEE, X U7 e P v AERICEITE L. Crl % DFT 5H&EIC
> CETHE LG ZFHEL 72, FFiC. Crl - Cr5 i3, cmw%?%ﬁ%ﬁmﬁ?%“é
BHIOHITH S, Crl—Cr5 D No 3T ORNIE— FIZT_T, 20F71F3 D
DE{AF VR UET 524 7 TH o772, N-N FEAE & uN-N)fE D & H]H73
5L, Crl O N, Bfi o _XCoffitkohcidiEElbtIncsy, 2V v LA
AAVEEZEDC3BIUPCSIE, 7PV LAFVEZEDC2 LU Crd XY
DG I N T, TRTOEMFKIE, EBITAlE L7 e F ViF& KIG L. NH;
BXONHs ZER L7z, FRIC, 7B by HE LCTHC 2 L7728 & NoHs %
FERIICAER L 720 2 DT, NH; & NoHs DERIE, Nat A v 2 &L v AT 4
IV KM AvEzERCREINZ, b DfERIZ. ZERKEEICET S
EEROBIROH L W ERiE, = b FrF—XOE~DH L WHIRZ 4T 2
bDTH b,

54.  ER
54.1. #RAE

L 7238 s XL A IR 3Tl b O 2 U 72, F 72 BOKEBHIE N,
T2 Ar TATHANTZIV VI LEb02EHLEZ, AT TH D tris2-(-
methylpropyl)aminoethyl)amine (H3LB") 3 X U tris(2-(3-pentylamino)ethyl)amine
(HsLP™) 3 Z L Z L3 5 4 T2 & [ARR D 55 THBK L 722221 % 72 [CrlICI(LMe6)]Cl
TEED R E S H I L TR E P,

5.4.2. JIEHESR

'H (500 MHz), 3C (125.77 MHz), '*N (60.815 MHz), NMR A2 k/L{Z JEOL
JNM-ECA500 ¥ 72 1% JEOLJNM-ECA600 FTNMR % f#iF L | il CHlE < L7z,
P v T CDs % 7213 DMSO-ds ICIAD L T X, 'H, BC it BT 51k
7 MNIFNFNOBEMDOEE 70 b v — 2 2L L HIE X 1172(CeDe, 7.16
ppm (‘H), 128.06 ppm (*C); DMSO-ds, 2.50 ppm (‘H)), "N NMR D1ty 7 b it
HCONH2> (-266.712 ppm (PN)Z NHERHEHEL L, HIE T sz, FTIR A7 FLid
Agilent Cary 630 FTIR 43 ¢ GH 2 A L. UV-vis A= 7 } Vi3 JASCO V-570 43
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NN EEF 2R L CHlE E L7z, X-band EPR A2 k% JEOL RE-1X 40 ¢EF
2L, v 73 aeE o CHIEERTTIK) E LCHIE X vz, JTEDHT
I Perkin Elmer CHN-900 elemental analyzer % ffiFH L 7z,

5.4.3.  HURESH XGOS S AT

Crl. Cr2, Cr3. CrdB X U'Cr50 7 — £ X, HiEREMoK @ (0.71073 A)% fifiF
L T. Rigaku R-AXIS RAPID [EI#5tCHIE X7z, #hidhT — & & EEBR DM %
TSRS, TRTOMEIL, Olex2 V7 by =T 8y — BPIRfFHAL G
BN, ShelXT PO EEMMHEZBEH L 2Nz, hOJRFIZZDHD 7 —
Vrzwy 7 bBEEHIN, #iEIX, ShelXLPNC X 2 /N ik 2 /M L Tk
N7, FICHHRE L R IR O | AKERIFF I EAERY 72 A21E ICFdE X 4L, BasEE
7 v (riding model) 23 AHTE & 1172,

544. HBES<ovR=_Z L

HIBT <y 27 P RREEZTHE S L7z CCD B ER(CCD-1024x256-
OPEN-11S, HORIBA Jobin Yvon)% 1200 grooves / mm D& w1 7 F 7 4 v 7 [al{fi#
TEFEOImDOY Y 7 ARY 7 v X —&MC-100DG, Ritsu Oyo Kogaku)iZHX b ff
F 72 b O CHIE 7z, Nd:YAG L —# — (Photonic Solutions, SNV-20F)IC X -
T 10mW @ 335nm DOJIEEE %, 15mW @ 532 nm D E % 8k —
#— (Verdi, Coherent)IC X - TH7z, TXTOH v 7 NiF-30 °C Duliint Lz H
WCTHIE SN, vy 7 P34 VT VICK o TIRIEE N, ZDIEfEE D T~

VAV FiEElem! E o7,

5.4.5. WALEHAZE

Cr1 DEAREALRIZ, Crl (11.07 mg)Z T A IR A NI BH, A+ —ICff
A L. Quantum Design MPMS-7 (SQUID) CH#lliE & 17z, Crl DHEET — £ 1%
1000 Oe DT % 2> 1F T, 2.0-297K DT, 60 DT — X K4 v FZHEL 7z, %
NENDT —ZFKA v MI3MOAF ¥y v EEELINEEZERL 72, T 7.
At —=,TAIFANDOWRE—A Y FEHICHEL, COT—2DfH%
Crl DHET —Z oo b LWz, TH5ICTDEAMEEEDL L N A LD
THZFEHL. -5.71x10* cm® mol D EEMEMIIEZ 2= LAz,
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300 25 2 K D Crl @ ymT fHlx. 300 2>5 20 K D 1.0 cm®K mol! ff¥ ¢ 7" 7
b= %R L7208 RIRAEI Tl y MT ERE O T & & b I AWt L 72,
Crl ® Cr K-edge XAS A7 b viZ, Crl OEEOEFFHED Cr(IV)—N>—
CIIVIREETH B 2 L AR LT3, ZOBEFREICHEINT, 220 Cr(IV)4
FvEZEHENIANETEZRNELZ 3 ODS=1 AL VETFAEZMBHAL T,
Crl O y uT DImBEKEEZ BT L7z, Crl DR Y NIV =T vid, XK

(eq. 1) L LTEEINT,

H=-2 ( ZJCr—NZSCr' SN2) _gb SzH—Z]) <Sz> Sz (eq 1)

HIE T — £ 1% van Vleck ORICFEDE, 74 v T4 v 7 E N7, (eq 2)

T

22
Mgl 2 x L (eq. 2)

kp

xul =

A =28 exp (4Jcrn2 / ksT) + 10 exp (—2Jcrn2 / ksT) + 10 exp (2Jcen2 / kT) + 2 exp (—
6Jcrn2 / ksT) + 2 exp (—2Jcen2 / ksT) (eq. 3)

B =7 exp (4Jcrnz / ksT) + 5 exp (-2Jcenz / ksT) + 5 exp (2Jcrn2 / kT
+ 3exp (—6Jcrn2 / kT) + 3 exp (—2Jcen2 / ksT) + exp (—4Jcrno/ k8T)  (eq. 4)

TAVTAVIT=RZDNT A =R Joenz = -1483) ecm™, 0 =-272) K., ¥
LW g=2.0295)72>70 7. 0 =zJ'/kg OHUCFED VT, z/' fEIZ 1.9(1)cm™
D EHEE L7z, IIIREED Crl DIERMIE (Z 3 ZE)BNE, brz v o X
FATa b vDr 7 MCEDWTHEAEI N vy T VE P AT vodg ITIED L
MLV EFRELEZFERAF Y7 ) =2 AL CHIE L 72,

5.4.6. XAFS OHIE

X FRINGIT R 2~ 7 b VHIE D Crl — Cr5 & [CrCILPe] % X O[CrCILMe6]Cl @
B (AR HE D K-edge XAS (Z. BT 4L ¥ — IR IR (KEK, 2 <X, HA)
74 v 772 Y — (PF) BLOC THIE I N7z, Si(111) “HihEE/ 7 1 X
—ZDIANF =L, — KM Cr SHOBRPI DY — 27 (5988.8eV. 19.2770°)
ZEMLCRIEI N, 3 HFHOEMBEETIE, £/ 70X =X 245 Z
LiICXoThREINTZ B 60%) XAS Hv 7, HIED -0 ICE{LF v HE
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_Ly MCEEEN, YV TAEEIER I IAAF ALy FITX 5T 170 K ICfR7
Nz, Abfs X O0EE X RO, 1)k, FERERDO Ny/Ar 4 4+ v Fx v
N FHLTHEI Nz, BONEZAXRTZILDAy 775y v FRE L E
At 1Z. Demeter Z{HMH L 7=,

54.7. [{Cr(LB}:2(u-N2)] DA (Crl)

20mL ¥ = L v 7 & IC H;LB" (100 mg, 0.240 mmol) & Et,0 (5 mL)% AL,
FHEMX T T-78°C £ THHIL 7z, T 1IC n-Butyllithium (0.28 mL, 0.720 mmol, 2.6
Minhexane)% >V v ¥ Tl Z. -78°C T 15 0 ERE7-, COREVEZEiRT
THim L. ZDF FEIRT 1R 2 B2, HOZ OREAYIZ-78°C ICmHl &
L. CrCls (38.0 mg, 0.240 mmo) % il 2 b N7z, T DRICH) % EimICE THRIR L .
—MEIR T X R, BEE T T CEAR X . BREYIC ELO (10mL) % il 2
TP LTz, COREMITETA P ZBLTHBEIN, AREERCTEHEST 22 L

CX o CTHfE L. IROEREBEDRIELZ 1372 (first crop:24.2 mg, 21%, second crop:
53.0 mg, 46 %, third crop: 17.2 mg, 15 %), 'H NMR (500 MHz, C¢Ds, 298 K): 6 (ppm)
=—-13.3, -59.6, —89.1, —122.4. Resonance Raman spectral data (lex: 355 nm) (cm™):
1772 (v(N=N). UV/vis spectral data [ Amax/nm (&M cm™)]: 373 (25100), 474 (10500),
678 (8500), 1056 (4200). IR (KBr, cm™): 3015, 2948, 2851, 2806, 2726, 1489, 1442,
1429, 1366, 1347, 1339, 1330, 1308, 1263, 1241, 1187, 1134, 1112, 1082, 1051, 1023,
972, 924, 905, 881, 846, 779, 745, 700, 663, 644, 618, 592, 566, 557, 533, 506. EPR
(toluene, 77K): silent. ~ Anal. Calcd for Cs4HgsCraN1o*(C2Hs)20+0.25H20: C, 67.13; H,
7.43; N,13.50. Found: C, 67.07; H, 7.16; N, 13.55.

54.8. [{Cr(LB"}(u-N2)|DE K (Crl’)

20mL @ ¥ 2 L v 7 I H3LB" (100 mg, 0.240 mmol) & Et;O (10 mL)% AL, %=
FEHEMX T T-78°C T THHIL 7z, T NIT n-Butyllithium (0.28 mL, 0.72 mmol, 2.6
Minhexane)% >V v ¥ Tz, -78°C T 15 30X iRE 7, ZDRA %%ir'ﬂ ¥
THm L. 2D F ETERT 1R 2Bz, ZORABERZIRME L. Z NI
VTV BT Y v LTz EoO(10 mL)ICIED L7z, & DIREYIZ-78 °C I fﬂé
. CrCls(38. Omg,O 240 mmol)2% Ar ZZFAXU T T X b, Ar i3 PN IciE# R S
2o TORIGY % BIICECHIE L, —IMERCH 2B, ZOERITEL T4
FEEL T AE én %(ﬁz% 35 °C DWEKEMNICEHES 5 & LIC X o THiE
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L. Bkt ok %1572 (vield 12.7mg, 11 %),  "HNMR (600 MHz, C¢Ds, 298
K): o(ppm) = —13.3, —59.6, —89.1, —122.4. Resonance Raman spectral data (Aex: 355
nm) (cm™'): 1715, 1674. FT-IR (KBr, cm™): 768 (v(Cr—!°N)). Anal. Calcd for
Cs4Hs6CraN10°0.67(C2Hs)20° 0.33H20: C, 66.95; H, 7.21; N,13.97. Found: C, 66.83; H,
6.92; N, 13.65 (The calculated values were obtained from the model which has the N
labeled p-N: ligand).

5.4.9. [{CrNa(LB")( p-“N2)]DERK (Cr2)

10 mL ® A4 741 Crl (200 mg, 0.208 mmol) & Et20(3.0 mL)% EHREHK T
Thx7-® &, €& Na F(47.9 mg, 2.08 mmol, 10 eq)Z Mz, —M=ERTE#HL <
NEIREZ, TR BB, A %-30°C OHEECHRIF L. FiEaL%E L 72 (vield
78.8 mg, 32 %)  'H NMR (500 MHz, C¢Ds, 298 K): 6(ppm) = 1.11 (¢, 12H, CH3>—
E0o), 1.47 (br, 12H, —CHo—en), 3.19 (br, 12H, —CHa—en), 3.27 (¢, 8H, —CH>—£00),
5.55 (br, 12H, —CH>—an), 7.22 (t, 6H, aromatic C—H), 7.37 (¢, 12H, aromatic C—H),
7.63 (br, 12H, aromatic C—H). '*C{'H} NMR (125.77 MHz, C¢Ds, 298 K): 6(ppm) =
15.6, 52.1, 57.6, 64.9, 65.9, 126.5, 128.7, 129.0, 144.5. FT-IR (KBr, cm™): 1813
(v(N=N)). UV/vis spectral data [ Amax/nm (&/M~! em™)]: 354 (sh) (5600), 612(sh) (600).
EPR (toluene, 77K): silent.  Anal. Calcd for Cs4HssCraN12Na2*2(C27H33CrNsNa)+4H>0O:
C, 62.29; H, 6.78; N, 13.45. Found: C, 62.28; H, 6.75; N, 13.21 (Cs4HesCr2N12Nay: 2 —
2Et0, 2(C27H33CrNaNa): 2 — 2E60 — 2Na). TTERIITDAE R 1L EO & Ny 23Hihk L
72 Cr2 Do % & AT B,

5.4.10. [{CrK(L®")( p-"N2)}4(Et20)2] DAL (Cr3)

10 mL ® A4 741 Crl (200 mg, 0.208 mmol) & Et20(3.0 mL)% EHRFEHX T
TMx7=® ¢, &JE K (47.9mg,2.08 mmol, 10eq) %Mz, —MERTEL < »
Rz, TNEABEL, A E-30 'C DHEJECHRE L. % L 7z (yield
81.5mg, 26 %). 'HNMR (500 MHz, C¢Ds, 298 K): 6(ppm) = 1.12 (¢, 12H, CH3>—¢¢0),
1.72 (br, 24H, —CH2—ren), 3.26 (¢, 8H, —CH>—%120), 3.37 (br, 24H, —CH2—ren), 5.43
(br, 24H, —CH>—an), 7.16 (br, 12H, aromatic C—H), 7.38 (br, 24H, aromatic C—H),
7.80 (br, 24H, aromatic C—H). '*C{'H} NMR (125.77 MHz, C¢Ds, 298 K): 6(ppm) =
15.6, 52.4, 52.4, 58.4, 64.7, 65.9, 126.4, 128.7, 128.8, 145.8. >N NMR (60.815 MHz,
CsDs, 298 K): d(ppm) = 1.79 (No), =71.26 (N-). FT-IR (KBr, cm™): 1804, 1774
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(v(N=N)). UV/vis spectral data [Amax/nm (&M cm™)]: 347 (30500), 616 (1440).
EPR (toluene, 77K): silent. Anal. Calcd for Ci16H152CraKaN200224H>0: C, 60.71; H,
7.03; N, 12.21. Found: C, 60.76; H, 6.51; N, 12.07 (C116H152CrsKaN2002: 3 — 2N>»).

5.4.11. [CrNa(L®")( p-"*N2)(15-crown-5)] D&% (Crd4)

15mL D ¥4 7 I Cr2 (200 mg, 0.169 mmol) & Et,0 (5.0 mL) %Ml 2. Et0 (1
mL) IZiA 2> L 7z 15-crwon-5-ether (74.6 mg, 0.339 mmol, 2 eq.) % 2> ZRE D5
Mz7ze TORAYZ —BHERTHERLEZDOL, 2% LT, 5%-30'C T
742 2 & CHEM L 72, (vield 176 mg, 64 %). "H NMR (500 MHz, CsDs, 298
K): 6(ppm) = 1.92 (br, 6H, —CH>—tren), 2.85 (br, 20H, —CH>—15-cr-5), 3.68 (br, 6H,
—CH>—tren), 5.99 (br, 6H, —CH>—Bn), 7.23 (br, 3H, aromatic C—H), 7.45 (br, 6H,
aromatic C—H), 8.10 (br, 6H, aromatic C—H). "*C{'H} NMR (125.77 MHz, C6D6,
298 K): 8(ppm) = 52.5, 58.6, 65.6, 68.7, 125.3, 129.3, 148.1. >N NMR (60.815 MHz,
CeDs, 298 K): 8(ppm) = 4.19 (N.), —36.90 (N4). FT-IR (KBr, cm™): 1813 (v(N=N)).
UV/vis spectral data [Amax/nm (& /M~! cm™)]: 353 (11500), 457(sh) (800), 617 (500).
EPR (toluene, 77K): silent. Anal. Calcd for
C37HS53CrN6Na05+0.75C4H100+0.75H20: C, 59.61; H, 7.75; N, 10.43. Found: C,
59.74; H, 7.30; N, 10.23.

5.4.12. [CrK(LB")( p-'*N2)(18-crown-6)] (Cr5)

15 mL ® ¥4 7 4IiC Cr3 (200 mg, 0.0850 mmol) & Et,O (5.0 mL) %/l Z. EtO
(1 mL) IZ¥& 2> L 72 18-crwon-6-ether (88.8 mg, 0.340 mmol, 4 eq.) % 2> X IRE 7R
bMz7z, ZDREMZ —MERTHZREZDOD, Si% LT, Ai%-30°C
TRIFT % C & TR L7 (vield 148 mg, 50 %).  "H NMR (500 MHz, CsDs, 298
K): o(ppm) = 1.88 (t, 6H, —CH2—tren), 2.90 (br, 24H, —CH>—18-cr-6), 3.69 (¢, 6H, —
CHy—ten), 6.00 (s, 6H, —CH>—an), 7.25 (¢, 3H, aromatic C—H), 7.46 (t, 6H, aromatic
C—H), 8.14 (d, 6H, aromatic C—H). "*C{'H} NMR (125.77 MHz, C¢Ds, 298 K): ¢
(ppm) = 52.5, 58.7, 65.9, 69.9, 125.2, 129.6, 148.4. >N NMR (60.815 MHz, C¢Ds, 298
K): 6(ppm) = 4.79 (N.), —25.22 (Ng). FT-IR (KBr, cm™!): 1807 (v(N=N)). UV/vis
spectral data [Ama/nm (& /M cm™)]: 354 (13400), 470(sh) (920), 633 (510). EPR
(toluene, 77K): silent. Anal. Calcd for C39Hs7CrKNgOg*2(C39H57CrKN4Os)*6H20: C,
57.52;H, 7.55; N, 8.03. Found: C, 57.32; H, 7.15; N, 8.14 (C39Hs7CrKN4O¢: 5 —N2). JT
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Fo M DAEFIE Ny D3t L 72 CrS D3 % & AT 5,

5.4.13. [Cr'VCI(LPem)

[CrVCI(LPem)] 1338 25 @ SCHk 2 5% 12 L T [(MesSINCHCH2 NP @ R b b i
[LPen] % L CABK L 72, (yield: 41 %)."HNMR (500 MHz, CsDs, 298 K): 6 (ppm)
=20.4, 12.0, 0.365, —36.1, -68.7. UV/vis spectral data [Amax/nm (& /M~' cm™)]: 331
(8716), 424 (1966), 543 (4561), 626 (2065) (sh). IR (KBr, cm'): 2955, 2925, 2866,
2814, 1457, 1448, 1371, 1356, 1346, 1330, 1312, 1274, 1257, 1234, 1159, 1143, 1123,
1107, 1088, 1062, 1043, 1027, 997, 948, 915, 904, 864, 830, 757, 652, 607, 587, 574,
550, 538, 480. EPR (toluene, 77K): silent. Anal. Caled for
C39Hs57CrKNsOg*2(C39Hs57CrKN4Os)*6H20: C, 57.52; H, 7.55; N, 8.03. Found: C, 57.32;
H, 7.15; N, 8.14 (C39Hs57CrKN4Og¢: 5 — N2).  Uefr = 2.84 ug (Evans method).

5.4.14. $EIRCrl - Cr5ic BT AR ER ST 7 v b vik

THF (6 mL) I 7 v U 4&J&E (0.834 mmol,80eq.) &7 7 XL ¥ (106 mg, 0.834
mmol, 80 eq.) ZMZ % T & TEICA] (M[CioHs] (M = Na, K)) Z3HH L, Zhic
THF (5 mL) C{&E2 L 72 #5RCrl (10.0 mg, 1.04 X102 mmol) Zfl%x., -78°C ¥ T
HHEL, 1FE 22 EEZ, 20T, 78 YF (1.06mmol) Z¥W - < Wz 7=
. EiRE CHIEL TR 2 RE 2, B ZRE L. BEY ZELO T L
Ted &, PWIEREE S 5 CHBDREFE L2, TN%EH0(10mL) THiH L
Too TNESmMLT DI, RTIRRML., KEfREL T, BEYIcCEEND
NHs Z'HNMRTHIZEL., 3 5 R TDSmLIdp-Y AFAT I /) RV XTATE R
FIZ X ONH DN E Z KD B D Ifli- 72,

54.15. TVE=TOER

NH; D E & 1T Ashley b D ik % S L TIT - 7209, NH IR IZ'HNMR %
HE LTk bz, F 72, “NHs DI 1E2,5-dimethylfuran® & = L J( 6 :5.83,
2H)Z FLHE L L 7-NHy O ¥ — 7 58 (FE 51 iE) 2> 5 3K 8 & 11, NHs"%Z DMSO-ds % i
L72(52X10 2 Myb o 2R L L CEE(L I 7z (Figure 5-19, 5-20, 5-21,
Table 5-11),
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54.16. e FZ7YVVDOER

NoHs" D JE B 13 Ashley & D J5 i % S# 12 L TIT - 729, NoHs D IR 13p-2 X F
NTIJRVYATAT e FIEICL o TRD LNz, NgHe&p-V A F LT I 7 R
VAT AT e FOBIERRO KIGIC X 0458 nmICFHEI 2B IR 2 D O
BTV VRPERIND, TNEMHL, UV-vis A7 P LT X o THREDE
JRE . Z DHIRIC X > TNoHal3E B X U7z (Table 5-11. Figure 5-22),
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Table 5-11. Yields of NH4" and NoHy4 Produced by Protonation of Dinitrogen Ligands for Cr1, Cr2,
Cr3, Cr4, and Cr5/!

product
Complex”  reductant sp;:zz NH" NH
Integration'¥!  yield / %!°! yield/ % (av.) | Absorbance!®! (cali}l/)ire'cllg(:no/zl:ljrvc]) yield / % (av.)
0.057 7.1 0.819 5.89(1)
HOTf 0.051 6.3 6.6 0.851 6.12 (1) 6.31
0.050 6.3 0.962 6.92 (1)
Na[C10Hs]
nd. 0325 234 (1)
HCI n.d. n.d. 0.307 221 (1) 2.38
n.d. 0.202 2.58 (3)
0.15 19 2.062 14.83 (1)
Crl HOTf 0.15 19 19.3 2.121 15.25 (1) 15.43
0.16 20 1.854 16.20 (2)
K[C1oHs]
n.d. 2.135 18.65 (2)
HC1 n.d. n.d. 1.932 16.88 (2) 18.07
nd. 1523 18.67 (4)
n.d. n.d.
- HOTf n.d. n.d. n.d. n.d.
n.d. n.d.
0.045 6.9 0.0178 0.19 (5)
HOTf 0.049 7.5 7.2 0.0128 0.14 (5) 0.16
0.047 7.2 0.0151 0.16 (5)
Na[CioHs]
n.d. 0.587 9.32 (8)
Cr2 HC1 n.d. n.d. 0.594 9.42 (8) 9.44
n.d. 0.604 9.58 (8)
n.d. 0.0406 0.44 (6)
- HOTf n.d. n.d. 0.0519 0.57 (6) 0.57
nd. 0.0646 0.71 (6)

[a]All reactions were carried out in THF under N, at room temperature. [b][complex] =6.7 x 10° M. [c]Quantification of NH," was
calculated by '"H NMR method. [d] [2,5-dimethylfuran (std)] = 5.2 x 10 M. The integration values of NH," are shown toward the
vinyl protons of 2,5-dimethylfuran (2H). [e] Yields are based on a chromium ion. [f] Quantification of N,H, was calculated by p-
dimethylaminobenzaldehyde method. [g] This value was obtained from absorbance of the peak at 458 nm of a yellow azine dye. [h]

Yields are based on a chromium ion. [i] Calibration curves for hydrazine quantification are shown in Figure 5-22.

154



Table 5-11. (continued)

product
complex” reductant proton NH,™ NHY
source
Integration? yield / % yield / % (av.) Absorbance? (calil})]riifogyco:rve") yield / % (av.)
0.17 26 1.317 14.1 (2)
HOTf 0.17 26 26.7 1.403 15.0 (2) 15.20
0.18 28 1.537 16.5(2)
K[CioHs]
n.d. 3.397 53.6 (8)
Cr3 HCI n.d. n.d. 3.413 53.7(8) 53.67
n.d. 3.399 53.7(8)
0.0085 1.3 0.0434 0.42 (7)
- HOTf 0.0087 1.3 1.3 0.0448 0.44 (7) 0.45
0.0078 1.2 0.0501 0.49 (7)
0.016 3.4 3.399 53.7(8) 2.75(2)
HOTf 0.015 3.2 0.167 2.47 (2) 2.69
0.016 3.4 0.186 2.85 (6)
Na[CioHs]
n.d. 0.479 10.4 (8)
Cr4 HCl1 n.d. n.d. 0.469 10.2 (8) 10.13
n.d. 0.449 9.78 (8)
0.0048 1.0 n.d.
- HOTf 0.0050 1.0 1.0 n.d. n.d.
0.0050 1.0 n.d.
0.12 27 0.926 13.7(2)
HOTf 0.13 30 29.0 0.977 12.3(7) 12.77
0.13 30 0.971 12.3(7)
K[CioHs]
n.d. 1.838 43.0
Cr5 HCl1 n.d. n.d. 1.809 423 42.30
n.d. 1.779 41.6
0.0051 1.2 n.d.
- HOTf 0.0073 1.7 1.3 n.d. n.d.
0.0042 1.0 n.d.
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<No. 1>
(1)
07000 - [INeHeP"/mM | abs
0.0097 | 0.1230 .
#0% 1] 0.0194 | 0.2460 )
o 5 0.0291 | 0.3800 e
Q
€ oo || 00389 | 05230 |
2 0.0486 | 0.6550
9 03000 <
o
< 0.2000
- y=13.339x
01000 ¢ R? =0.9996
0.0000 T T T T d
0 0.01 0.02 0.03 0.04 0.05 0.06
N,Hy/ mM
<No. 3>
(3)
04000 - |N2HgP?* /mM | abs
0.0097 | 0.0746 .
0.0194 | 0.1454
0209 1 00201 | 0.2117
Q
e 0.0389 | 0.2884 | ..
© )
g 0w 1] oosss | 03703
2 -
2
01000 o y=17.4998x
R2=0.9997
0.0000
0 0.01 0.02 0.03 0.04 0.05 0.06
NyHy/ mM
<No. 5>
(5)
[NHg?* /mM | abs
0.6000
0.0097 | 0.0068
0s000 {| 0.0194 | 0.1977 -
0.0291 | 0.3119
@ 0.4000
e 0.0389 | 0.4108
©
2 0.3000 0.0486 0.5197 |*
2
2
< 0.2000
‘ y=10.894x
01000 M R2 = 0.9989
0.0000 T T T T T d
0 0.01 0.02 0.03 0.04 0.05 0.06
N,H,/ mM
<No. 7>
(7)
07000 - | INaHgl?*/mM | abs
0.0097
0.6000 4
0.0194
05000 1| 0.0291
8
€ o000 || 0.0389
2 0.0486
8 0.3000 4
o
< 0.2000 -+
P y=13.8x
01000 7 R2 = 0.9997
0.0000
0 0.01 0.02 0.03 0.04 0.05 0.06
NoH,/ mM

Absorbance

Absorbance

Absorbance

<No. 2>

@
06000 - [INeHel?*/mM | abs
0.0097 | 0.0983
0s000 1| 00194 | 0.2108
0.0291 | 0.3130 .
0.4000
00389 | 04303 |
03000 1| 0.0486 | 0.5369..{°
0.2000 o
o - y=10.977x
R2=0.9998
0.0000
0 0.01 0.02 0.03 0.04 0.05 0.06
N,Hy/ mM
<No. 4>
(4)
05000 - |INeHePP* /mM | abs
0.0097 | 0.0668
0.4000 0.0194 0.1525 .
0.0291 | 0.2235
03000 0.0389 | 0.2931
0.0486 | 0.3927 | .
0.2000 -
0.1000 e y=7.8219x
¢ R2=0.9988
0.0000 T T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06
NoHy/ mM
<No. 6>
(6)
06000 |[NaHeP?*/mM | abs
0.0097 | 0.0983 .
05000 10,0194 | 0.2108 o
0.0291 | 0.3130 -
0.4000 o
0.0389 | 0.4303 L
03000 { 0.0486 | 0.5369 |*
0.2000 o v
. =10.613x
01000 ¢ A7 = 0.0098
0.0000
0 0.01 0.02 0.03 0.04 0.05 0.06
NoHy/ mM
<No. 8>
0.5 ®
[NHg?* (mM)|  abs.
0.4 0.0097 0.0667
[ 0.0194 0.1476
9 0 0.0291 02185
g : 0.0389 02855
\o- 0.0486 0.3642
o 0.2
2
y = 7.4505x
01 R?=0.9998
0.0
0.00 0.02 0.04
N2H4 /mM

Figure 5-22. Calibration curves for hydrazine quantification.
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5.4.17. DFTEHE

BHHEOFEIL, IR LR U AECETI N Bl nEe X —KT 3
vIN—N) {235 5 1 7=18), §5ARCr1 @ & &R R I 13 pure meta-GGA S X U,
pure meta-GGAZIFAMHBE, ~ A4 7'V v FYLEAEZ A L 72, BP861*", OPBER!,
MO6-LP, & X T8 BILYPH L, ZNZENSHEEEX A TV v I e LT
N7z, Table5-12IR" 3 & HiC, b T /oA A MY EBPSOPCRIEAE S L7
v(IN—N) (I, fEfmfEE L K-l T,

Table 4-12. Geometric and Electronic Structure Parameters Related to Chromium Centers and

Dinitrogen Ligand in the p-Dinitrogen Dichromium Complex 1 Optimized with Various Functionals

BP86 OPBE MO6-L B3LYP la

energy (a.u.) - — -

—4734.500514
4733.325387  4733.813280  4734.185887

S 1.039 1.056 1.094 1.159
bond length (A)
Cr—N(N») 1.800 1.787 1.807 1.824 1.805(2)
Cr—N(amine) 2.134 2.108 2.137 2.144 2.096(2)
Cr—N(amido) 1.889 1.878 1.883 1.885 1.864¢
N—N(Nz) 1.191 1.188 1.180 1.176 1.188(4)
angle (degrees)
Cr-N-N 179.9 180.0 179.8 180.0 177.8(3)
N(amine)-Cr-
180.0 180.0 179.9 180.0 178.75(11)
N(N2)
N(amido)-Cr-
97.6 97.9 97.6 97.6 97.66(11)
N(N2)
97.6 98.0 97.5 97.6 96.40(11)
97.5 98.0 97.4 97.6 97.97(10)
N(amido)-Cr-
) 118.3 118.1 118.3 118.2 119.33(11)
N(amido)
118.3 118.1 118.3 118.3 118.40(11)
118.3 118.1 118.3 118.3 177.8(3)
V(N=N) (cm™) 1774 1821 1864 1792° 1772

[a]The average value of Cr—N(amido) lengths of the crystallographic structure 1a. [b]Scaled by 0.963.
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ZORERIE. RV DOES R % & TLAEY O BEREEIC 31T 5 LART O G i< %
JGLTW 3, BEERELIESED “JRFICOonTDERLNATHE ClT. BIER
EEIEAATY Y FHBRICL s L @EYiceET M fbEInTEsh, ~4 7Y
v FULBEEULE S . A MREET A L ¥ — Z8/NGHET L T w2 W21 2 of[A i,
heme-XO (X=C. N, B XU 0) &k & onfb AL FOfb A T 4 L ¥ — I ATk
IR IR TWVBBREHFT 4 7Yy FILBEBDOILES S E O A~ T5 i &
Btk Rl a Ny 2Ry T 4 v 5 2 23 LEB D 5, IR IBEE T
ANV = T x oy IS N 5 & FEBE & IELEPUEDOR O ¥ %
v IS 2RISR H L LML NTWE, FF—&E LEodiiuEs» o
B E FFOMNL F~DaNy 7R VT 4 V7, T NLOHET AL F -
KIS 2, 7 7 & 7 X2 —p I8 O & W AEE & R o PIER R b DK
X noNy 7R VT 4 V7%, Hartree-FockZ&Z 21T X - TKRIBICHA T 5, L7z
> T, ThiE, HENBEI (DFDEHE%Z. BP86 MK ZHM L 7z, &K1
DIEEEAEL, Cr,2010,Hedl 35 X I8 N AT, 6-311+G(d) Na®els X O~
KW 5613, 6-311G(d). CH L CHE T DA 1. 6-31G(d)P e i & v 7z,
bobd b LAY VIREET, K27 v A8BEAV)EHERE (Crl) Tl T, ¥
F X bV OFGEL & IRBIGHE S EAT S Nz, IR RE I, REEES 555
N7 AR L 72,

FHACI1IZ, S=0. 1. BX W3R VIREBICOWTHRbNZ, S=1 BX
U3DIRREICH 2 b DI, BEIERICH A LZEAEY Y (S=12) 3L UIEAY
v (S =32) o=FmEEEOCIAI)F L2 L ENETERI N LEZLND,
S=0 &t HRAINIZ TN DAY VIRREICH 5 RORWGMENICH & L 72 Cr(lD)
oo, WL S.=0 REICH - 72, S=1REDCrl i3, R I
TRCODBDOHTIRDIDLEL TEHE D, NHFEDHEINS. =05 X US = 1IREET
AR INTME AT X — 2, S FENICREINZDDE L —HL Tw 5,
7272 L. NiREDN7zS. =0 IREECTEHRE I NFEKIZ. S=1 RED X 5 i
—HEHEARFL, “HICHEBEL, HEICEETHY, LT THAT S L5
CraipH-ofEcIER/EN L. KETAXNTH B, 7 v Pl K LT, B—oD
SEPOTRAE VABEINS, L2 o T, EEORIREL AN A Y
VIREEIX S=1 REETH Y, THEIFEFRNITREINZA L VIRAEE X —3
LTWw3, Nofir T AT —Id, G L LTlatm, 238.15KTORIG (eq
5)FB L W(eq.6) ZfEM L T, PEERERL KL CCr1oLEN:Z7Hli T 5 72
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DICFHE I N,

[Cr"(LBm)] + N2 — [Cr'(LE")(N2)] (eq. 5)
Z[CrHI(LB“)] +N; — [CTIII2(LBn)2(N2)] (eq. 6)

The equilibrium between [Cr''(LB")2(N2)] and [Cr(LB")(N2)] is (eq. 7) ,

Cr'y (LB )(N2)] +Na = 2[Cr™(LB(N2)] (eq.7)

The relation among the reaction energies £(1), E£(2), and E(3) for reactions (egs. 5, 6, and

7), respectively, which dominates the reactant form, is,

EQ3)=EQ)-2E(1) (eq. 8)

FEARCr1 OB TG I, CASSCFEEITHI O HARERM T2 AL T, e R
B-¥ 7 F I A— MBOERHERES =3) LB L THEI L, 2008 RIZ
TN ERADEE AR IR L T 7B, CASSCFRFEL I, FRICIEAE & % K
LA RT2EEEROGAC., BETYHEEZQEICHHET 2 0IC#EL TWw 5,
CASSCFRIE DI % {fi/N 3 % 72912, BPR6IREIL Y A A Y DCrid R v ¥ v
i3 L14ADC-HEE AR %2 b SHR FICE S - (Crl"), gk A oL,
SEHRDOB3ILYP / 6-311Gi it L& 2 & BUS & hu 7214 CASSCFD &R fiE
INBHEEL Y ML, SCFONURZRGICT 5 7-0ICTZVP20% M L 7287, &t
B0 OEMEZERIX, Cr1' Tl 10E 714808 B X O, 10E 8B Z i L.
TR TII8E T AE AR L 72, 4EOEMEZERIZ. &EPOicE
F 2 10[HDdHLE & . Noii D D20 Dk X U220 Da*ifjlil TR T %, 8ifi
B D IETEZERZ . NaiB ) D42 DBl & 20 D X V20 D+l TR X T
W5,

SRR T T L (PCM)® SHEZFERL T, AEs L7 v b Y ERIGSEE
IR 2 n-~F PV (¢=1.8819)%F X U8 THF (se=7.4257) DIRBERhE % 54l L
oo 2L, R OBES EZE CREL I N WETH n-~F I v PCM & &
DCrivmEfb I N A A F Vit 1 DDBEFEE 5.6icm™) 2355, X
I, BEBE—FICR o 72EBAICK Y ZAAF =23 — U — 5l o B 1K
T35, Z DR, PCMOiFIESFADO R T v ¥ v VRADBAT5TH 5720,
n-~¥ ¥ v PCM i # L& CDOPCM T 4 )L F — ICEZETO R IE 28 L 72,
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SRR OPCMRELEE X, FAEROMIICHE ., Cr-NwfE A 2550k & 1,
N-NFEERTFHD HNDE T L EZRL TS, B TOPCMKIGT ¥ — I, Hf%
D 7 v L) E FH AR H32 keal/mol K D I R TR EN T B 25, 2 v L
(IEFRBRIIFELZZIT R VWI L EZR L T0b, FEFEOEVGEE L, 7oL
7= Cr-Naoft & 2 ZEMN L, 78 ahld N ~DE TG 2 {etE+ 2, JE
N7 v ADERBRICE T 3 2 ootiid, MR 27 v 4D E R A
ICBIT2ZNEDHRE O, FBRLLTHELND (eq.7) DFIICT AN ¥ —
X, S v A(DERERPHEZ 7 v LD EFZFEERIC LT3 keal/mol A
ZER S, 200 DN RERICN T 2AEBEORENEE TRV & 2R
LTw3, LadoT, BHETOFELIEHHI N,

TRCOEFHEE X, Gaussian 16, Y v 3 v C.01P Z{HH L C3HIT
I, HFEEIR. A ERAE R+ v % — HPE ProLiant DL560 + A 7
2. C MOPLOT# X UUMOVIEW 7' u 7' 7 LBUEfFH L Cfil & vz, HAREH
SHT X, MIREERI A £ v X — D Gaussian 16, ) €Y 2 v C.01P% o NBO7
70 77 LR FEH L CEITINE,
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ABSTRACT: Dinitrogen-divanadium complexes with triami-
doamine ligands, 1—3, were synthesized and characterized by
resonance Raman, UV—vis, and NMR spectroscopy and
elemental and X-ray structure analyses. X-ray structure
analyses reveal that all three of the complexes have a dimeric
structure with a y-N, ligand (N—N bond length 1.200—1.221

A). Resonance Raman and NMR spectra of 1—3 in solution show that these complexes maintain a dimeric structure in benzene
and toluene solutions. "N NMR spectra of 1 and 3 have peaks assignable to -N, ligands at 33.4 and 27.6 ppm, respectively,
but 2 does not have a similar peak under the same conditions. In 'V NMR spectra, the peaks of vanadium ions were observed
at —173.3, —143.8, and —240.2 ppm, respectively, which are in a higher magnetic field region in comparison to those of
dinitrogen-divanadium complexes reported previously. The structure and electronic properties of 1 are supported by DFT
calculations. Additionally, all complexes react with excess amounts of M[C;,Hg] (M = Na, K) and the proton sources HOTf,
HC, and [LutH]OTf (Lut = 2,6-dimethylpyridine) to produce ammonia without hydrazine. The ammonia produced was
evaluated as an ammonium salt by 'H and N NMR spectroscopy. The yield of NH; produced in the reaction of 1 with

Na[C,,H;] and HOTf under N, was 151% (per V atom).

B INTRODUCTION

The activation and functionalization of molecular dinitrogen
by transition-metal complexes has been intensely investigated
by biochemists and chemists." Since it was found by Shilov and
co-workers that V(OH), supported with Mg(OH), promotes
highly efficient dinitrogen fixation,'®” studies on dinitrogen-
vanadium compounds have increased.” The research groups of
Cloke, Gambarotta, and Kawaguchi have also succeeded in
constructing dinuclear vanadium-nitride complexes through
direct N—N bond cleavage.”* The research groups of
Floriani and Schrock have reported that vanadium complexes
with mesityl ligands and alkali-metal ions, {[(Mes);V(u-
Nz)V(Mes)3]_[K(digl)’)3]+}; [{I<(digly)3(ﬂ-MeS)z(MeS)-
Vh(u-Ny)], {[(Mes)3V(,u-N2)V(Mes)3]2_[Na(digly)2]+2},
and {[(Mes);V(u-N,)(u-Na)V(Mes),]"[Na(digly),]"} (Mes
= 2,4,6-Me;C¢H,, digly = diethylene glycol dimethyl ether),
and with triamidoamine ligands, {[(HIPTNCH,CH,);N]-
VN,}~ and [(HIPTNCH,CH,);:N]JV = NH (HIPT = 3,5-
(2,4,6--Pr;C¢H,),C¢H; = hexaisopropylterphenyl), generate
ammonia and hydrazine.”™° More recently, Nishibayashi and
co-workers have reported the catalytic conversion of dinitrogen

-4 ACS Publications  © 2018 American Chemical Society 11884

. . . . . 3r,6
to ammonia or silylamine using vanadium complexes.

Vanadium is therefore considered to be a very useful metal
for dinitrogen fixation. Furthermore, it is believed that a
multinuclear metal center may be more effective for dinitrogen
activation. It is not yet known whether ammonia is synthesized
from the dinitrogen-divanadium complex via protonation of
the coordinated dinitrogen,%’i"”7 even though a multinuclear
system is expected to promote more effective N—N bond
activation in comparison to mononuclear systems.“’j’8 We
therefore decided to investigate protonation of a multinuclear
dinitrogen complex.

The triamidoamine ligand [(RNCH,CH,);N]*" is one of
the most useful ligands for effective formation of metal
complexes. An important feature of this ligand is that a wide
variety of substituent groups can be appended to its terminal
amido nitrogen atoms. As a result, many metal complexes
based on this ligand have been reported.” For example,
Schrock and co-workers succeeded in catalytic conversion of
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N, to NH; using a molybdenum complex with a triamido-
amine ligand, [Mo(N,)(((HIPT)NCH,CH,);N)], under
ambient conditions.'” The research groups of Schrock and
Scheer have also reported dinitrogen-tungsten complexes with
related triamidoamine ligands.'' More recently, Liddle and co-
workers have studied catalytic reduction of dinitrogen to
ammonia using a titanium complex with Tren™® (Tren™ =
N(CH,CH,NSiMe;);)."” However, dinitrogen complexes with
other metals and triamidoamine ligands have been studied to a
lesser extent.™

It has been reported that terminal substituents block other
ligands from coordinating to a metal site in the axial position in
vanadium complexes with very bulky substituents such as
trimethylsilyl and tert-butyldimethylsilyl groups on three amido
nitrogen atoms.””® Thus, we postulated that sterically less
demanding substituents should be introduced to amido
nitrogen atoms to allow coordination of a dinitrogen ligand
on the axial position. If the triamidoamine ligand has methyl
groups as terminal substituents of amido nitrogen atoms, the
protective effect imposed by terminal substituent groups would
likely be reduced. Additionally, large substituents prevent
formation of a multinuclear complex, which are considered
more effective in capturing a substrate and promoting
multielectron reductions, at least in comparison with their
mononuclear derivatives. Both formation of a dinuclear
complex and formation of a highly stable dinitrogen complex
would be expected upon introducing an intermediate-sized
substituent. On the basis of these ideas, we have synthesized
triamidoamine ligands with an amido nitrogen atom connected
to a bulky substituent by a methylene group.

Here, we report the syntheses and characterization of novel
dinuclear dinitrogen vanadium complexes with triamidoamine
ligands and generation of NH; using these dinitrogen
complexes.

B RESULTS AND DISCUSSION

Syntheses of Vanadium Complexes. Three dinitrogen
divanadium complexes bearing triamidoamine ligands L* (R =
iBu, EtBu, iPr,Bn), [{V(L®)}L,(4-N,)] (R = iBu (1), EtBu (2),
iPr,Bn (3)), were synthesized via reactions of VCL;(THF);"
and Li;L® under N,, where Li;L® was prepared by lithiation of
the ligands (H3LR).14 These complexes were obtained as dark
purple single crystals by recrystallization from n-hexane or
Et,0 under N, (Scheme 1). The complexes were confirmed as
dinuclear dinitrogen-vanadium complexes with triamidoamine
ligands from elemental and X-ray crystal structure analyses as
described below. Each of the complexes was found to be quite
stable in the solid state for several weeks under an inert gas
atmosphere.

Scheme 1. Syntheses of Vanadium Complexes 1—3

R
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Crystal Structures of 1-3. The X-ray structure analyses
of 1-3 revealed that each divanadium complex has a bridging
dinitrogen in the end-on mode, in which each vanadium ion is
coordinated by [LR]*>~. The crystal structures and selected
bond lengths and angles are shown in Figure 1 and Table 1,

(c)

Figure 1. X-ray structures of 1 (a), 2 (b), and 3 (c) with the atom
numbering scheme (50% probability thermal ellipsoids). For (a) and
(c), the atoms with and without a prime are related by a center of
symmetry with respect to each other. For (b), the atoms with
superscripts, i—v are related to the atoms without them by symmetry
operations (1/3+x—y,—1/3+x,2/3—2), 1 —y,x—y,2), (4/3 —
%,2/3—9,2/3—2),(1/3+9,2/3—x+y,2/3—2),and (1 —x+y,
1 — x, z), respectively.

respectively. The structure of 3 has a disordered 3,5-
diisopropylbenzyl group. The coordination geometry around
each vanadium center of 1—3 is a trigonal bipyramid (7 value
1)" with three amide N atoms in equatorial positions and an
amine N atom and a N, ligand in axial positions. The V—Ny;,
and N—N bond lengths are respectively 1.774(2) and 1.203(4)
A for 1, 1.768(2) and 1.221(4) A for 2, and 1.779(2) and
1.200(5) A for 3. These V—Ny, bonds indicate multiple-bond
character, because they are similar to those of previously
reported trigonal-bipyramidal divanadium N, complexes
(1.756(5)—=1.777(3) A).>®%™ The V.-V’ distances are
4.750(1), 4.756(1), and 4.758(1) A, respectively, which are
slightly elongated with bulkier substituent groups. The N—N
bond is in a shorter range relative to those of other dinitrogen-
divanadium complexes in the y-N, binding mode (1.212(8)—
1.280(21) A).*"~**&~" However, the N—N bond is signifi-
cantly lengthened in comparison with that of free dinitrogen
(1.098 A), indicating that the N, ligand has been activated.'
The averages of V—N, 4. bond lengths in the equatorial
positions of 1—3 are 1.909, 1.910, and 1.914 A, respectively.
These values are shorter than those of other trigonal-
bipyramidal vanadium(III) tren complexes ([HIPTN3N]V-
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Table 1. Selected Bond Lengths (A) and Angles (deg) for 1-3

Complex 1
V1-N2 1.774(2) V1-N3 1.913(2) V1-N4 1.904(2)
V1-N5 1.909(2) V1-N6 2.163(2) N2-N2’ 1.203(4)
V1---V1’ 4.750(1)
N2-V1-N3 99.31(9) N2-V1-N4 99.33(9) N2—-V1-N$§ 101.21(9)
N2-V1-N6 179.04(9) N3-V1-N4 117.20(9) N3-V1-N$ 116.76(9)
N3-V1-N6 80.16(8) N4—V1-NS§ 117.27(9) N4-V1-N6 80.24(8)
NS—-V1-N6 79.75(8) V1-N2-N2' 178.59(26)
Complex 2
VI-N2 1.768(2) V1-N3 1.910(1) V1-N4 2.171(2)
N2—N2f 1.221(4) V1Vl 4.756(1)
N2-V1-N3 99.95(4) N2—-V1-N3# 99.95(4) N2-V1-N3" 99.95(4)
N2—-V1-N4 180.0 N3-V1-N3¥ 117.08(2) N3-VI1-N3" 117.08(2)
N3-V1-N4 80.05(4) N3"-VI-N3" 117.08(2) N3'-VI-N4 80.05(4)
N3'-V1-N4 80.05(4) V1-N2—-N2f 180.0
Complex 3
V1-N2 1.779(2) V1-N3 1.914(3) V1-N4 1.914(2)
V1-NS 1.914(3) V1-N6 2.155(3) N2-N2' 1.200(5)
V1Vl 4.758(1)
N2-V1-N3 98.82(11) N2-V1-N4 99.82(11) N2-V1-NS§ 100.81(11)
N2-V1-N6 178.89(11) N3-V1-N4 117.89(11) N3-V1-N$§ 117.53(12)
N3-V1-N6 80.16(10) N4-V1-NS§ 116.07(12) N4-V1-N6 80.33(10)
N5—V1-N6 80.08(10) VI1-N2-N2’ 177.7(3)
(THF) (1.9536 A (av)),”® [HIPTN3N]V(NH,) (1.9550 A A (*N,)
(av)),” [(C{FsNCH,CH,);N]V(THF) (1.9573 A (av)),” and 2

[(C¢F{NCH,CH,),N]V(CH,CN) (1.941(3) A)”) and close
to those of previously reported V(IV) or V(V) complexes with
tren ligands in the trigonal-bipyramidal form
([(Me;SiNCH,CH,),N]VCl (1.883(6) A),°¢"
[(Me,SiNCH,CH,);N]JV=NH (1.921 A (av)),”’® and
[(CH,NCH,CH,),N]JV=0 (1.895(3) A)’"). However, the
V—N,ine bond lengths in the axial positions (2.163(2) A for 1,
2.171(2) A for 2, and 2.155(3) A for 3) are close to those of
V(III) complexes ([HIPTN3N]V(THF) (2.1627(18) A),™
[HIPTN3N]V(NH,) (2.1486(7) A),*" [(C;F.NCH,CH,),N-
JV(THF) (2.132(3) A),” and [(C¢FsNCH,CH,),;N]V-
(CH,;CN) (2.149(5) A)).” These results show a significant
extent of donation from amide N atoms in the equatorial
position with respect to the V ion. Thus, it is thought that this
donation contributes to the formation of dinitrogen complexes
1-3.

Infrared and Resonance Raman Spectra. Infrared
spectra of 1—3 have peaks assignable to the v(V—Ny,)
stretching vibration at 785, 792, and 796 cm™, respectively,
which are close to the V—Ny;, stretching vibrations observed
previously for Np,;V(u-N,)VNp; (858 cm™!)*? and [V-
(OR);],(u-N,) (R = Bu,(Me)CO, ditox) (775 cm™).*? In
the resonance Raman spectrum of 1, some of the bands
originating from the u-'*N, ligand were observed at 1446,
1440, 1399, and 1342 cm™ on excitation with a 355 nm laser
(spectrum A in Figure 2). Complex 1 with '“N-labeled N, (1”)
has bands at 1367 and 1330 cm™' (spectrum C in Figure 2).
These peaks were observed at almost the same positions on
excitation with a 532 nm laser (Figure S1). The strong band at
1399 cm™' was assigned to the v(N—N) stretching vibration
band on the basis of the results of previously reported
divanadium complexes with u-N,.>? Assignments of small
bands at 1446, 1440, and 1342 cm™! were made on the basis of
DFT calculations as described below. The v('*>N—'N) bands
appearing as two bands at 1367 and 1330 cm™, as seen in

D (Toluene)

1600 1500 1400 1300 1200
Wavenumber / cm™!

Figure 2. Resonance Raman spectra of 1 prepared under "N, (black,
spectrum A) and '*N, (blue, spectrum B) in toluene (4., 355 nm) at
—30 °C and difference between them (in red, spectrum C). Peaks
with an asterisk originate from the toluene solvent. Spectrum D shows
the spectrum of toluene (in green).

spectrum C, are estimated to have been split by a Fermi
doublet, which can be understood to have been shifted by
isotope effects (Av = 51 cm™"). Resonance Raman spectra of 2
and 3 have features similar to those of 1, and the bands, which
were assigned to v("*N—"*N) bands, were observed at 1401
and 1402 cm™', respectively (Figures S2 and S3). The
v("N—-N) bands of '*N-labeled 2 (2’) and 3 (3') were
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also split by a Fermi doublet to appear at 1369, 1331 cm™" and
at 1369, 1338 cm ™, respectively. The (N—N) value is lower
than the value of 1600 cm™ predicted from Badger’s rule.'®

The DFT calculations of 1 showed that the N—N stretching
vibrations for "N, and N, are detected at 1484 and 1426
cm™', respectively, mixed with scissoring modes of the
methylene group of the ligand. The calculated v(**N—'"*N)
frequency is higher by 85 cm™ than the observed frequency of
1399 cm™". This discrepancy arises from the rough treatment
of the electron correlation at the DFT level leading to
insufficient 7 back-donation from the metal centers to the
coordinated N, moiety, as described below in DFT Calculation
Details. The v(**N—""N) value is estimated to be 1337 cm™!
from the sum of the observed v(**N—'*N) value, 1399 cm™,
and the calculated isotope shift, 62 cm™, which is slightly
lower than the frequency at the midpoint of the Fermi doublet,
1348 cm™". Five calculated vibrations with high resonance
Raman activity near 1300 cm™" (see Table S3 and Figure S10)
have C—C twisting modes between the a and f# carbons of
isopropyl groups mixed with small portions of the N—N
stretching mode and flipping modes of methylene groups on
chelate rings. The peak at 1342 cm™" in the '*N Raman spectra
is assigned to several of these calculated vibrations. It is
believed that the ""N—'°N stretching mode is mixed with these
modes more than the "'N—'*N mode and that the isotope shift
is less than that predicted, since modes with close frequencies
tend to be mixed well with each other. The available overtones
for Fermi resonance with this mode mixture predicted at 1348
cm™! are calculated as two pairs of nearly degenerate modes;
one pair at 660.3 and 660.6 cm™" is IR active, and the other
pair at 666.2 and 666.5 cm™" is Raman active (see Scheme S1).
These modes, consisting of sliding or tilting of the N—N and
V—N bonds and distortion of chelate rings, appear to be
suitable for Fermi resonance, because the "N, stretching
vibration is also mixed with motions on the same N, and
chelate rings. The IR peak at 672 cm™ is assigned to these
calculated IR-active modes. The overtone at 1344 cm™ is
more feasible for Fermi resonance than that of the Raman
active mode, because the calculated frequency gap between the
pairs supports a prediction that the overtone of the Raman
active modes is higher by 12 cm™.

Several intense bands between 1440 and 1446 cm™ in the
resonance Raman spectra of 1 are not considered as solvent
peaks because they disappear from the '°N spectra in the same
solvent and are thus assigned to the N—N stretching frequency
mixed with scissoring modes of methylene groups calculated in
the region from 1440 to 1490 cm™" (Table S3 and Figure S10).
The calculated Raman activities have a strong correlation with
the weight of the N—N stretching mode. Most of the
calculated vibrations show isotope shifts and undergo changes
in intensities artificially due to significant mixing with the N—N
stretching mode, which is calculated at this region. Calculated
scissoring motions with lower frequencies, e.g. at 1443 and
1426 cm™! for N and PN, respectively, are found on the a-
methylene groups, and those with higher frequencies, e.g. at
1483 and 1484 cm™’, are found on methylene groups in
chelate rings. The modes calculated in the vicinity of 1440
cm™ are sufficiently close to the N—'*N stretching mode
observed at 1399 cm™ to be mixed with the mode. This mode
mixing was only observed in the '*N spectrum because mixing
of the modes is unfavorable with the ""N—""N stretching mode
shifted farther away from 1440 cm™, so that they are not
detectable by resonance Raman spectroscopy.

'H, N, and 'V NMR Spectra of 1-3. Each of the
dinitrogen-divanadium complexes studied here was found to
be EPR silent. "H NMR spectra of 1—3 exhibit sharp peaks in
the diamagnetic region (0—12 ppm) (Figure S4). These
findings indicate antiferromagnetic coupling between the two
vanadium ions connected via the bridging 4-N, ligamd.m’17 Sty
NMR spectra of 1-3 (Figure 3) have peaks at —173.3 (Avy,

(A) | -173.3
I
I
I\
(B)
f -143.8
.
(%
© -240.2 |
|
300 200 100 0 -100 -200 -300

Chemical Shift/ ppm

Figure 3. *'V NMR spectra of 1-3 in C;D (131.56 MHz, §/ppm vs
VOCI, (0.00 ppm)).

= 211 Hz), —143.8 (Av,), = 242 Hz), and —2402 (Av, ), =
401 Hz) ppm, respectively, which are in a significantly higher
magnetic field region in comparison to those previously
reported for divanadium complexes with a u-N, ligand (167.4,
137.4, =26 ppm).”*™" These values are close to that of a
vanadium(V) oxide complex with tris(2-methylaminoethyl)-
amine reported by Verkade (—240.9 ppm).”” Additionally,
these peaks (—143.8 ppm (2) < —173.3 ppm (1) < —240.2
ppm (3) for °'V) shift to a higher magnetic field region with
elongation of a V—Ny, bond (1.768(2) A (2) < 1.774(2) A
(1) < 1.779(2) A (3)), shortening of a V—N,,.. bond
(2.171(2) A (2) > 2.163(2) (1) A > 2.155(3) A (3)), and
shortening of a N—N bond (1.221(4) A (2) > 1.203(4) A (1)
> 1.200(5) A (3)) (Table 2). These behaviors may be
explained by the trans effect. The stronger binding of the
amine nitrogen to the metal (bond length: 3 < 1 < 2) elongates
the V=N, bond (bond length: 2 < 1 < 3), which affects the
length of the N—N bond (bond length: 3 < 1 < 2). The
electron-rich V nuclei that were bound to a stronger amine
were observed in a higher magnetic region (2<1<3).In 5N
NMR spectra of 1 and 3, the "N peaks, which are presumably
broadened by couplings between *'V and "N nuclei, were
observed at 33.4 and 27.6 ppm versus nitromethane referenced
at 5 0 ppm, respectively (Figures S5 and $6),” which were
observed in a higher magnetic field region in comparison to
that of [{(PNP)V(=CHtBu)},(4-N,)] (6 104 ppm).’
However, the peak of a y-"*N, ligand in 2 could not be
observed, although it was measured under the same
experimental conditions as for 1 and 3. This is because the
relaxation time of the nitrogen nucleus of y-'*N, is significantly
longer than those of 1 and 3.

Absorption Spectra of 1—3. The absorption spectra of
1-3 in THF are similar to each other: 343 (¢ 15300), 421 (e
12200), and 585 nm (£ 1500 M™* em™) for 1, 345 (e 25700),
425 (£ 19700), and 588 nm (£ 2700 M~! cm™) for 2, and 344
(£23300), 415 (£ 21000), and 574 nm (¢ 2740 M~ cm™) for
3 (Figures S7—S9). The expected bands in the vicinity of 580
nm were observed as a shoulder peak at 700 nm. The
absorptions in toluene appeared at very close positions to
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Table 2. Comparison of Physicochemical Properties (X-ray, Raman, IR, NMR) of Three Dinitrogen-Divanadium Complexes

bond length/A stretching vibration band/ cm™! NMR/ppm*
V-N,, V—Ny, V—N,.. N=N v(V—Ny,)” v(N-N)? SN Sty
1 1.913(2) 1.774(2) 2.163(2) 1.203(4) 785 1399 33.4 —-173.3
1.904(2)
1.909(2)
1.909 (av)
2 1.910(1) 1.768(2) 2.171(2) 1.221(4) 792 1401 nd —143.8
1.910 (av)
3 1.914(3) 1.779(2) 2.155(3) 1.200(5) 796 1402 27.6 —240.2
1.914(2)
1.914(3)
1.914 (av)

“KBr method. ®Toluene solution. °C4Dj solution.

Table 3. Quantification of NH,* Produced from the Reaction of 1—3 with Reductants and Proton Sources”

yield”/%
entry compound reductant proton source R = iBu R = EtBu R = iPr,Bn

1 Na[C,oH] HOTf n.d. n.d. n.d.
2 H,L* HOTf n.d. n.d. n.d.
3 H,L* 80 equiv Na[C,,Hg] 80 equiv HOTf n.d. n.d. n.d.
4 V(L™ (p-N,)] 80 equiv HOTf n.d. n.d. n.d.
5 H{VI™},(u-N,)] 4 equiv Na[C,Hy] 4 equiv HOTf 7 3 nd.
6 VL™, (u-N,)] 80 equiv Na[C,,H] 80 equiv HOTf 151 18 10
7¢ VL™ },(e-N,)] 80 equiv Na[C,oHy] 80 equiv HOTY, under Ar 29 10 nd.
8 V™ (e-Ny)] 80 equiv Na[C,,H] 80 equiv HCl 27 4 9

9 VL™, (p-N,)] 80 equiv Na[C,H] 80 equiv [(Et,0),H](BAr',) n.d. n.d. n.d.
10 V(L) (N,)] 80 equiv Na[C,,H] 80 equiv [LutH]OTf 87 35 7
11 (V™ (e-N,)] 80 equiv K[C,,Hy] 80 equiv HOTf 32 59 21
12 [{V(IL™},(u-N)] 80 equiv K[C,oHg] 80 equiv HCI 9 n.d. 6
13 VL™, (p-N,)] 80 equiv K[C,,H,] 80 equiv [(Et,0),H](BAr',) n.d. n.d. n.d.
14 (V™))L (uN,)] 80 equiv K[C,oH,] 80 equiv [LutH]OTf 80 1 44

“All reactions were carried out in THF at room temperature under N2 except for entry 7. Concentration of [complex]: 1.33 X 107> mM. BAr',
tetrakis(2,6-bistrifluoromethyl)borate, Lut = 2,6-dimethylpyridine. “Yields are based on a vanadium ion. “The reaction for entry 7 was carried out

in THF at room temperature under Ar.

those in THF. These findings indicate that they are not
significantly affected by the solvents.

The three bands observed in the UV—vis spectra were
evaluated using DFT calculations. The calculated bands gave
three peaks at 371, 456, and 736 nm, and the heights decrease
in the same order as the observed spectra (see Figure S11a).
The simulated spectral bands are in general agreement with the
experimental bands, even though they were significantly shifted
to a lower energy region by 0.2—0.4 eV. A TDDEFT calculation
using pure functionals often underestimates the excitation
energies.18

The calculated absorption bands at 456 and 736 nm,
corresponding to the bands experimentally observed at 424
and 585 nm, respectively, are attributed to the LMCT
transition from the 7 lone-pair orbitals on the amide N
atoms to the vanadium centers (Table S4 and Figure S12).
Each of these bands contains two major transitions between
degenerate orbitals due to the symmetric dinuclear structure of
1. The third absorption band calculated at 371 nm,
corresponding to the band observed at 343 nm, consists of
major and minor electron transitions. The primary transition at
378 nm was estimated to represent a mixture of electron
transitions from the degenerate HOMO-3 or HOMO-2, where
V(dr) and N,(z*) orbitals are mixed with each other (Table
S4 and Figure S12), with the degenerate antisymmetrically

coupled V(d5) orbitals, LUMO+S and LUMO+4, respectively.
This is the LMCT band from 7% orbitals of the dinitrogen
ligand to the vanadium centers. The secondary band at 364 nm
is assigned as the LMCT band from the amide N atoms to the
metal center.

Electronic Structure of the u-Dinitrogen Divanadium
Complex 1. The molecular orbital diagram of the dinitrogen
divanadium complex 1 is shown in Figure S13. The a and f
spin—orbitals correspond to each other, and this stable ground
state wave function represents a closed-shell singlet state. The
HOMO-3 and HOMO-2 orbitals are degenerate z-bonding
orbitals between drz orbitals on the vanadium centers and 7*
orbitals on the dinitrogen ligands. This bonding interaction in
these orbitals is sufficiently strong to augment the drz orbitals,
which are lower in energy than the HOMO (a,,) and HOMO-
1 (a)y) orbitals constructed of the 7z lone-pair orbitals on
negatively charged amide N atoms. Simultaneously, each of the
formally trivalent vanadium centers appears to be partially
oxidized, due to substantial transfer of the dz electron density
to the 7* orbitals on the dinitrogen moiety, as shown in the
HOMO-2 and HOMO-3 orbital diagrams. This electron
donation from the vanadium centers to z* orbitals of the
dinitrogen ligand tighten the V—N bond and loosen the N—N
bond, making the N—N bond length closer to the standard
length of N—N double bonds, 1.240 A, rather than the length
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of the N—N bond of free dinitrogen, 1.098 A'™ This
significantly lowers the N—N stretching frequency.
Protonation of 1-3 in the Presence of Reductants.
Studies on generation of ammonia and/or hydrazine by
protonation of the u-N, ligand of a dinitrogen divanadium
system are quite rare.””"""
to the protonation of the bridging dinitrogen of 1—3 in the
presence of reductants under N,. HOTf, HCl, [(Et,0),H]-
(BAr',) (BAr', = B(2,6-(CF,;),C¢H;), ), and [LutH]OTSf (Lut
= 2,6-(CH;),C;H;N) were used as proton sources, and
solutions of M[C;yHg] (M = Na, K) in THF were used as
reductants. As expected, NH; was produced by all three of the
complexes, as detected by 'H NMR."*"? The yields of NH,
produced were estimated from the "H NMR peak area of NH,*
produced, where the proton signal of NH," at 7.04 ppm was
assigned by comparison to the corresponding '*N signals of
SNH,*, which was observed when the reaction was carried out

We therefore turned our attention

using complex 1. In contrast to the observation made by the
research groups of Floriani and Nishibayashi, hydrazine was
not detected in this study.”" The yields of NH,* produced,
when the reactions were carried out under various conditions,
are given in Table 3. Alternatively, we attempted to protonate
complexes 1—3 in the presence of 4 equiv of the reductant
Na[C,oHg]. In the reactions for 1 and 2, NH," was produced
in both cases, although the yields were low at 7% and 3% (per
V), respectively. NH,* was not detected for 3. When excess
amounts of Na[C,oHg] and HOT (both 80 equiv) were added
to 1—3 under N,, the yields of NH," were found to increase
for all three complexes. In particular, the yield for 1 was
increased by as much as 151% (Figures S14—S16, Table 3, and
Table S5). When the reaction of 1’ under "N, was carried out,
the reaction yield of NH,* was found to be 155% per V, which
is nearly equal to the yield obtained for the reaction of 1 under
"N, (151%) (Figure S17). These findings suggest that the
nitrogen of NH," produced in this reaction originates from the
N, atmosphere, while the NH," produced from 1 under Ar
(entry 7) presumably originates from the bridging N, unit. In
the presence of [(Et,0),H]OTf, NH; was not detected in any
of the reactions. When HOTf was employed as the proton
source and Na[C;,Hg] as the reductant, 1 was found to
produce the highest yields of NH," (151%). However, the
yields of NH,", which were generated when the reactions were
carried out in the presence of HOTf and K[C, H], were
found to follow the trend 3 < 1 < 2. When [LutH]OTf was
used as the proton source, the yield of NH," was the highest
for 1, independent of the reductant. When HCI was used as the
proton source, the yields of NH," were low for both
reductants. In an investigation of ammonia production by
the dinitrogen-divanadium complexes, the reaction conditions
producing NH; appear to be optimal when the reaction is
carried out in the presence of 80 equiv of HOTT as the proton
source and 80 equiv of Na[C,,Hg] as the reductant using
complex 1. Unfortunately, we did not identify a significant
relationship between the ability to produce NH; and the
physicochemical properties of complexes 1-3.

Given that Liddle et al. reported on the formation of K-
bridged nitrido intermediates,'” analogous reaction intermedi-
ates were also expected in our system. In an attempt to detect
these species, we investigated the reactions of 1—3 with
M[C,,Hg] in the absence proton sources. However, the former
intermediates were not detectable in our case.

B SUMMARY

In this study, we synthesized and characterized dinitrogen-
divanadium tren complexes 1—3. X-ray structure analyses
revealed that all three complexes have a dimeric structure with
a p-N, ligand. The structure and electronic properties of 1
were evaluated by DFT calculations. The results show that
introduction of a methylene group between a terminal N atom
of tren ligand and a bulky substituent contributes to the
formation of a dimeric structure with a p-N, ligand. An
inspection of the N—N bond lengths revealed no significant
differences within experimental error. However, it is believed
that the N—N bonds of these complexes are more activated in
solution than in the solid state because the (N—N) values of
these complexes in solution are observed in the vicinity of
1400 cm™'. When the N—N bond lengths are predicted by
Badger’s rule from the v(N—N) values, they are estimated to
be elongated to approximately 1.24 A. This elongation appears
to be a result of steric repulsion between bulky substituents,
which are connected by a methylene carbon to the terminal N
atom of the tren ligand. All complexes were shown to react
with excess amounts of M[C,(Hg] (M = Na, K) and proton
sources, HOTf, HCI, and [LutH]OTf (Lut = 2,6-dimethylpyr-
idine), to produce ammonia without production of hydrazine.
The yield of NH; produced in the reaction of 1 with
Na[C,,Hg] and HOTf under N, was 151% (per V atom), as
judged by 'H and "N NMR spectroscopy.

We are currently attempting to clarify the detailed
mechanisms of protonation of bridging dinitrogen in vanadium
systems and to synthesize other ammonia-producing metal-
dinitrogen complexes.

B EXPERIMENTAL SECTION

All manipulations were carried out under an atmosphere of purified
dinitrogen gas in an MBraun MB 150B-G glovebox or by standard
Schlenk techniques.

Materials. Reagents and solvents employed were commercially
available. All anhydrous solvents were purchased from Wako Ltd. and
were bubbled with argon to degas. The ligand tris(2-(2-methyl-
propyl)aminoethyl)amine (H;L®"),'* 3,5-diisopropylbenzaldehyde,*’
VCL,THF,," [(Et,0),H](BAr,),”" and [LutH]OTf* were synthe-
sized according to literature methods.

Instrumentation. 'H, *C, N, and 'V NMR spectra were
recorded on a JEOL JNM-ECAS00 or a JNM-ECA600 FT NMR
spectrometer operating at 500 MHz (*H), 125.77 MHz (3C), 60.815
MHz (*N), and 131.56 MHz (*'V) in C¢D4 or DMSO-d; at 298 K.
'"H and "C chemical shifts were referenced using the residual
protonated solvent resonance (C¢Dy, 7.16 ppm (*H) and 128.06 ppm
(3C); DMSO-dg, 2.50 ppm (*H)). N and 3'V NMR chemical shifts
were referenced externally using HCONH, (—266.712 ppm (N))
and VOCI, (0.00 ppm (°'V)). Electronic absorption spectra were
recorded on a JASCO V-570 spectrophotometer. FT-IR spectra were
recorded on a JASCO FT/IR-410 spectrophotometer. X-band EPR
spectra were recorded on a JEOL RE-1X spectrometer as frozen
solutions at 77 K in a quartz tube. Elemental analyses were obtained
with a PerkinElmer CHN-900 elemental analyzer.

Resonance Raman Measurements. Resonance Raman spectra
were obtained using a liquid nitrogen cooled CCD detector (CCD-
1024%256-OPEN-1LS, HORIBA Jobin Yvon) attached to a 1 m
single polychromator (MC-100DG, Ritsu Oyo Kogaku) with a 1200
grooves/mm holographic grating. An excitation wavelength of 355 nm
was obtained by an Nd:YAG laser (Photonic Solutions, SNV-20F)
with 10 mW power at the sample point. The 532 nm excitation was
carried out by a semiconductor laser (Verdi, Coherent) with a laser
power of 1S mW at the sample point. All measurements were
performed with a spinning cell at —30 °C. Raman shifts were
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calibrated with indene, and the accuracy of the peak positions of the
Raman bands was +1 cm™.

X-ray Crystallography Procedures. The X-ray intensity data
were measured on a Bruker AXS VENTURE diffractometer equipped
with an Incoatec X-ray generator microfocus sealed tube IuS and
Bruker PHOTON 100 detector. Monochromated Mo Ka (0.71073
A) radiation was taken for the incident X-ray beam. Absorption
correction was done by a multiscan method based on SADABS.>* The
structure was solved with ShelXT** and refined using the Bruker
APEX2 software package.”**°

Synthesis of Tris(2-(2-ethylbutyl)aminoethyl)amine
(H3LE‘B”). The ligand H3LEtB“ was synthesized by the literature
method"* using 2-ethylbutylaldehyde in place of isobutylaldehyde
(yield 90%). FT-IR data [Nujol, v (cm™)]: 3310 (N—H), 2959,
2928, 2874, 2812 (aliphatic C—H). 'H NMR (500 MHz, C,D, 298
K): 6 (ppm) 0.94 (t, 18H, CH;—), 1.35-1.52 (m, 1SH,
—CH(CH,),—), 249 (t, 6H, —CH,— tren), 2.54 (d, 6H, —CH,—
EtBu), 2.62 (t, 6H, —CH,— tren). “C{'H} NMR (125.77 MHz,
CeDg 298 K): 5 (ppm) 11.4, 24.6, 41.9, 48.8, 53.5, 55.8. ESI-TOF/
MS data: m/z 399.7 [M + H]*.

Synthesis of Tris(2-(3,5-diisopropylbenzyl)aminoethyl)-
amine (H;L"™?8"), The ligand H;L™™P" was synthesized by the
literature method"* using 3,5-diisopropylbenzaldehyde in place of
isobutylaldehyde (yield 82%). FT-IR data [Nujol, v (cm™)]: 3298
(N—H), 3016 (aromatic C—H), 2958, 2931, 2893, 2874, 2808
(aliphatic C—H), 1601, 1465 (aromatic ring). '"H NMR (500 MHg,
C¢Dg, 298 K): & (ppm) 1.25 (d, 36H, CH;—), 2.46 (t, 6H, —CH,—
tren), 2.64 (t, 6H, —CH,— tren), 2.84 (m, 6H, —CH-), 3.79 (br, 6H,
—CH,— iPr,Bn), 7.03 (s, 3H, Ph H), 7.22 (s, 6H, Ph H). BC{'H}
NMR (125.77 MHz, CsDg, 298 K): & (ppm) 24.4, 34.7, 47.7, 54.7,
54.8, 123.4, 124.1, 141.7, 149.9. ESL.TOF/MS data: m/z 669.6 [M +
H]*.
Synthesis of [{V(LiB“)}z(ﬂ-Nz)] (1). A 20 mL Schlenk flask was
charged with H;L™®" (100 mg, 0.318 mmol) and THF (5.0 mL) and
cooled to —78 °C under nitrogen. n-Butyllithium (0.39 mL, 1.02
mmol, 2.6 M in hexane) was added via cannula. After 1S min, the
reaction mixture was warmed slowly to 25 °C and was stirred for 1 h
at room temperature. The reaction mixture was then cooled to —78
°C, and VCL;THF; (119 mg, 0.318 mmol) was added. The reaction
mixture was again warmed slowly to 25 °C and was stirred for 16 h.
The solvent was removed in vacuo, and the residue was extracted with
hexane (10 mL). The extract was filtered through Celite. The hexane
extract was transferred to a 20 mL Schlenk flask and stored at —35 °C
under nitrogen. Complex 1 was obtained as dark purple crystals (yield
110 mg, 46%). 'H NMR (500 MHz, C4Dg, 298 K): & (ppm) 1.21 (d,
18H, CH;— iBu), 2.07 (m, 3H, CH— iBu), 2.46 (t, 6H, —CH,— tren),
3.26 (t, 6H, —CH,— tren), 4.12 (d, 6H, —CH,— iBu). BC{'H} NMR
(125.77 MHz, C¢Dg, 298 K): 5 (ppm) 20.9, 28.5, 52.4, 56.1, 73.2.°'V
NMR (131.56 MHz, C¢D, 298 K): § (ppm) —173.3. FT-IR (KB,
cm™1): 2948, 2931, 2893, 2876, 2861, 2851, 2800, 2770, 1455, 1445,
1434, 1380, 1363, 1352, 1344, 1340, 1300, 1281, 1242, 1143, 1110,
1052, 951, 921, 871, 847, 805, 785, 752, 674. EPR (THEF/toluene, 77
K): silent. Anal. Calcd for C3sH,sN;,V,°H,0+0.25C¢H,4: C, 56.83; H,
10.62; N, 17.67. Found: C, 56.89; H, 10.76; N, 17.84.

Synthesis of [{V(LiBu)}z(ﬂ-wNz)] (1’). A 20 mL Schlenk flask was
charged with HyL (100 mg, 0.318 mmol) and THF (5.0 mL) and
cooled to —78 °C under Ar. n-Butyllithium (0.39 mL, 1.02 mmol, 2.6
M in hexane) was added via cannula. After 15 min, the reaction
mixture was warmed slowly to 25 °C and was stirred for 1 h at room
temperature. The reaction mixture was then cooled to —78 °C,
VCL, THF; (119 mg, 0.318 mmol) was added, and Ar was replaced
with "N, in the Schlenk flask. The reaction mixture was again
warmed slowly to 25 °C and was stirred for 16 h. The solvent was
removed in vacuo, and the residue was extracted with hexane (10
mL). The extract was filtered through Celite. The hexane extract was
transferred to a 20 mL Schlenk flask and stored at —35 °C under *N,.
!SN,-labeled 1 was obtained as dark purple crystals (yield 81 mg,
34%). 'H NMR (600 MHz, C¢Dg, 298 K): & (ppm) 1.21 (d, 18H,
CH,— iBu), 2.07 (m, 3H, CH— iBu), 2.46 (t, 6H, —CH,— tren), 3.26

(t, 6H, —CH,— tren), 4.12 (d, 6H, —CH,— iBu). FT-IR (KBr, cm™):
768 (v(V-1N)).

Synthesis of [{V(LE®)},(u-N,)1 (2). Complex 2 was synthesized
by the same method as 1 using H;L*® in place of H;L™" (yield
52%). '"H NMR (500 MHz, C¢Dy, 298 K): & (ppm) 1.16 (t, 18H,
CH,— Et), 1.45—1.74 (m, 15H, —CH(CH,),—), 2.48 (t, 6H, —CH,—
tren), (3.26 (t, 6H, —CH,— tren), 4.15 (d, 6H, —CH,— EtBu).
BC{'H} NMR (125.77 MHz, C¢Dy, 298 K): § (ppm) 13.0, 25.2, 41.8,
52.4, 55.9, 69.7. 'V NMR (131.56 MHz, C(Dg, 298 K): § (ppm)
—143.8. FT-IR (KBr, cm™!): 2964, 2949, 2922, 2875, 2853, 2847,
2810, 2788, 1467, 1458, 1448, 1444, 1436, 1374, 1372, 1358, 1347,
1334, 1306, 1264, 1246, 1234, 1159, 1146, 1138, 1111, 1053, 1036,
1017, 1008, 953, 950, 933, 887, 846, 814, 792, 771, 749, 674. EPR
(THEF-toluene, 77 K): silent. Anal. Calcd for C,H,;¢, N4V,
0.25C,HgO: C, 62.66; H, 11.16; N, 14.91. Found: C, 62.54; H,
11.18; N, 14.87.

Synthesis of [{V(LE®")},(u-"°N,)] (2’). Complex 2’ was
synthesized in the same manner as for 1’ using H;L*®* in place of
H,L®" (yield 33%). '"H NMR (500 MHz, C¢Dg, 298 K): § (ppm)
1.16 (t, 18H, CH;— Et), 1.45—1.74 (m, 15H, —CH(CH,),—), 2.48 (t,
6H, —CH,— tren), (3.26 (t, 6H, —CH,— tren), 4.15 (d, 6H, —CH,—
EtBu). FT-IR (KBr, cm™): 772 (v(V=1N)).

Synthesis of [{V(LiPrZB")}Z([t-NZ)] (3). Complex 3 was prepared by
the same method as for 1 using 3,5-diisopropylbenzaldehyde in place
of HyL™®* (yield 73%). '"H NMR (500 MHz, C¢Dy, 298 K): § (ppm)
1.39 (d, 36H, CH,;—), 2.25 (t, 6H, —CH,— tren), 2.96 (m, 6H,
—CH-), 3.15 (t, 6 H, —CH,— tren), 5.23 (br, 6 H, —CH,— iPr,Bn),
7.01 (s, 3H, Ph), 7.36 (s, 6H, Ph). *C{'H} NMR (125.77 MHz,
C¢Dg, 298 K): & (ppm) 24.8, 35.0, 52.2, 56.6, 69.4, 123.1, 123.5,
145.1, 1482. °'V NMR (131.56 MHz, C¢Dg, 298 K): 5 (ppm)
—240.2. FT-IR (KBr, v(cm™): 3010, 2952, 2917, 2855, 2801, 1630,
1597, 1463, 1443, 1380, 1361, 1349, 1320, 1314, 1288, 1260, 1233,
1186, 1166, 1135, 1111, 1087, 1074, 1062, 1042, 998, 982, 933, 920,
895, 891, 874, 841, 820, 796, 747, 718, 696. EPR (THF-toluene, 77
K): silent. Anal. Calcd for CooH,3N;,V,"H,0: C, 73.04; H, 9.53; N,
9.46. Found: C, 73.26; H, 9.52; N, 9.37.

Synthesis of [{V(LF"8")},(u-""N,)] (3'). Complex 3’ was prepared
by the same method as for 1’ using 3,5-diisopropylbenzaldehyde in
place of H;L™®" (yield 30%). '"H NMR (600 MHz, C¢Dy, 298 K): §
(ppm) 1.39 (d, 36H, CH;—), 2.25 (t, 6H, —CH,— tren), 2.96 (m, 6H,
—CH-), 3.15 (t, 6 H, —CH,— tren), 5.23 (br, 6 H, —CH,— iPr,Bn),
7.01 (s, 3H, Ph), 7.36 (s, 6H, Ph). FT-IR (KBr, cm™): 777
(v(V="N)).

Protonation of 1 with Reductant and Proton Source:
General Method. A 5.0 mL THF solution of the reductant
(M[C,oHg] (M = Na, K)), prepared freshly from alkali metal (1.06
mmol) and naphthalene (136 mg, 1.06 mmol) in a thick-walled glass
bomb, was added to a 5.0 mL THF solution of 1 (10.0 mg (MW: 753
(dimer)). 1.33 X 1072 mmol) at —78 °C, and the mixture was stirred
for 1 h. The reaction mixture turned from deep green to greenish
brown. A proton source (1.06 mmol) was added to the vigorously
stirred reaction mixture of 1 or 1/, and the resultant solution was
warmed slowly to 25 °C. After the solution was stirred for 2 h at room
temperature, the solvents were removed under reduced pressure to
give a white solid containing ammonium salts. The residue in the
Schlenk tube was dissolved in H,O (10.0 mL), and this solution was
analyzed by 'H and N NMR methods. The results are shown in
Figures $14—S17.

Quantification of Ammonium Salts by '"H NMR Spectros-
copy. The quantification of NH," was carried out by the method
reported by Ashley and co-workers.'”® NH," was integrated relative
to the vinylic protons of 2,5-dimethylfuran, contained within a
DMSO-dj capillary insert (5 5.83, s, 2H), which was calibrated using a
standard 1.00 X 10~> mM solution of NH,CI in DMSO-d,.

DFT Calculation Details. Geometry optimization and frequency
calculations with B3LYP,*”* OPBE,*”"™ and BP86>""¢ functionals for
the dinitrogen divanadium complex 1 showed that the bond length
and the stretching mode of the N—N bond calculated with the BP86
functional were in good agreement with the experimental values (see
Table S2). The optimized N—N bond with the hybrid functional
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B3LYP was considerably tighter than the observed bond. It seems that
the excess Hartree—Fock exchange for electron correlation at the
B3LYP level of theory causes an insufficient 7 back-donation from the
vanadium centers to the N, ligand and the resulting spin-polarized
broken-symmetry ground state wave function led to the tight N—N
bond. Therefore, all the electronic structure calculations were carried
out using the BP86 functional. The following basis sets were used for
the respective atoms: 6-311+G(d) for V¥ and N**% and 6-
31G(d)**® for C and H atoms. The S = 0 state was considered for the
spin state, as NMR and ESR spectroscopy suggested that the
vanadium centers interacted antiferromagnetically through the
bridging dinitrogen ligand. The calculated closed-shell wave function
had no internal instability, and no stable broken-symmetry state was
found. Frequency calculations showed that the optimized structure
was located at a local minimum. The resonance Raman scattering
activities were calculated with the incident light wavelength at 392
nm, which had the same energy difference from the calculated third
band at 378 nm as the energy difference of the experimental incident
laser, 355 nm, from the observed third band at 343 nm. Time-
dependent density functional theory (TDDFT) calculations™ were
performed to assign the absorption bands of electronic transitions. We
calculated natural transition orbitals (NTO)* for assignment to the
orbital pairs of the transitions having no dominant excitation. We
examined the BP86 functional with the long-range correction
developed by Hirao and co-workers®' and the B3LYP and CAM-
B3LYP*” functionals to improve the electron correlation and
reference function for charge-transfer excited states.””*® Our
calculations showed that these functionals produced broken-
symmetry wave functions for the ground state of complex 1, which
disagreed with the BP86 result. The calculated spectrum curve using
the TDDFT/LC-BP86 with the broken-symmetry reference wave
function gave bands at 422 and 341 nm in good agreement with the
second and third observed bands, but the simulation spectrum curve
lacked the first absorption band (Figure S11b). The band
corresponding to the first band calculated with the LC-BP86
functional was shifted to 411 nm and embedded in the band at 426
nm. The B3LYP spectra appeared to be in good agreement with the
experimental spectra, and the first band corresponded to the band
calculated with the BP86 functional (Figure Sllc). However, the
main transitions of the second and third bands had neither dominant
excitations nor an NTO having an occupation number close to unity,
and they could not be assigned to a single orbital pair. The CAM-
B3LYP spectra showed the first band embedded in the second band,
and the broad third band was constructed of almost the same intensity
transitions (Figure S11c). It is considered that a spectrum simulation
having the correct order and relationship among heights of the bands
is more reasonable than that agreeing well with the band positions for
our assignment of the spectra, so that the TDDFT calculations with
the BP86 functional are the most appropriate. We also took into
consideration solvent effects on the simulation spectra with the
polarized continuum model (PCM)** with the dielectric constant
7.4257 as a THF solution (Figure S11d). The calculated peaks at 742,
457, and 377 nm were almost the same as those under vacuum due to
an apolar solvent such as THF. This result was in agreement with the
observed spectra being insensitive to solvent. Consequently, we
employed the BP86 functional under vacuum for the assignment of
the UV—vis spectra.

All of the electronic structure calculations were performed using
Gaussian 09, revision E.01,%** and Gaussian 16, revision B.01,>*
the isosurfaces of the molecular orbitals were drawn using the
MOPLOT and MOVIEW programs36 on the Fujitsu CX400 system
at the Nagoya University Information Technology Center. The curves
of normal Raman and UV—vis spectra were calculated using SWizard
software®” on a Windows XP operating system.

and

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.8b00982.

X-ray, IR, Raman, NMR and UV-vis data for the
compounds in this paper, results and details of
calculations, and yields of NH," (PDF)

Accession Codes

CCDC 1588595 and 1847222—1847223 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Author

*E-mail for Y.K.: ykajil974@aitech.ac.jp.
ORCID

Takuya Nagai: 0000-0001-7015-5743
Takehiro Ohta: 0000-0003-4140-5293
Yuji Kajita: 0000-0002-5066-4038

Hideki Masuda: 0000-0002-1235-1129

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Ms. Haruyo Nagao (Institute for Molecular Science)
for SN NMR spectroscopy measurements and Dr. Kenji Yoza
(Bruker AXS) for X-ray crystal structure analyses. This work
was supported in part by the New Energy and Industrial
Technology Development Organization (NEDO) through the
“Advanced Research Program for Energy and Environmental
Technologies” and the Nanotechnology Platform Program
(Molecule and Material Synthesis) of the Ministry of
Education, Culture, Sports, Science and Technology
(MEXT) of Japan. We also acknowledge the Japan Society
for the Promotion of Science (JSPS) through the Program for
Advancing Strategic International Networks to Accelerate the
Circulation of Talented Researchers and the Japan Society for
the Promotion of Science (JSPS) for a Grant-in-Aid for
Scientific Research ((B) (16H04117) and (C) (16K05734) for
H.M. and Y.K, respectively).

B REFERENCES

(1) (a) Fryzuk, M. D. Side-on End-on Bound Dinitrogen: An
Activated Bonding Mode That Facilitates Functionalizing Molecular
Nitrogen. Acc. Chem. Res. 2009, 42, 127—133. (b) Tanaka, H,;
Nishibayashi, Y.; Yoshizawa, K. Interplay between Theory and
Experiment for Ammonia Synthesis Catalyzed by Transition Metal
Complexes. Acc. Chem. Res. 2016, 49, 987—995S. (c) Fryzuk, M. D,;
MacKay, B. A; Johnson, S. A Patrick, B. O. Hydroboration of
coordinated dinitrogen: A new reaction for the N, ligand that results
in its functionalization and cleavage. Angew. Chem., Int. Ed. 2002, 41,
3709—3712. (d) Bernskoetter, W. H.; Lobkovsky, E.; Chirik, P. J.
Nitrogen-carbon bond formation from N, and CO, promoted by a
hafnocene dinitrogen complex yields a substituted hydrazine. Angew.
Chem., Int. Ed. 2007, 46, 2858—2861. (e) Akagi, F.; Matsuo, T.;
Kawaguchi, H. Dinitrogen cleavage by a diniobium tetrahydride
complex: formation of a nitride and its conversion into imide species.
Angew. Chem., Int. Ed. 2007, 46, 8778—8781. (f) Ballmann, J.; Yeo, A;

DOI: 10.1021/acs.inorgchem.8b00982
Inorg. Chem. 2018, 57, 11884—11894


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00982/suppl_file/ic8b00982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00982/suppl_file/ic8b00982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00982/suppl_file/ic8b00982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00982/suppl_file/ic8b00982_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b00982
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.8b00982
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00982/suppl_file/ic8b00982_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1588595&id=doi:10.1021/acs.inorgchem.8b00982
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1847222&id=doi:10.1021/acs.inorgchem.8b00982
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1847223&id=doi:10.1021/acs.inorgchem.8b00982
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:ykaji1974@aitech.ac.jp
http://orcid.org/0000-0001-7015-5743
http://orcid.org/0000-0003-4140-5293
http://orcid.org/0000-0002-5066-4038
http://orcid.org/0000-0002-1235-1129
http://dx.doi.org/10.1021/acs.inorgchem.8b00982

Inorganic Chemistry

Patrick, B. O.; Fryzuk, M. D. Carbon-Nitrogen Bond Formation by
the Reaction of 1,2-Cumulenes with a Ditantalum Complex
Containing Side-On- and End-On-Bound Dinitrogen. Angew. Chem.,
Int. Ed. 2011, 50, 507—510. (g) Bazhenova, T. A.; Shilov, A. E.
Nitrogen fixation in solution. Coord. Chem. Rev. 1995, 144, 69—14S.
(h) Fryzuk, M. D. Activation and functionalization of molecular
nitrogen by metal complexes. Chem. Rec. 2003, 3, 2—11. (i) Chatt, J,;
Dilworth, J. R;; Richards, R. L. Recent Advances in the Chemistry of
Nitrogen Fixation. Chem. Rev. 1978, 78, 589—625. (j) Hidai, M,;
Mizobe, Y. Recent Advances in the Chemistry of Dinitrogen
Complexes. Chem. Rev. 1995, 95, 1115—1133. (k) MacKay, B. A;
Fryzuk, M. D. Dinitrogen Coordination Chemistry: On the
Biomimetic Borderlands. Chem. Rev. 2004, 104, 385—402. (1) Figuer-
0a, J. S;; Cummins, C. C. A niobaziridine hydride system for white
phosphorus or dinitrogen activation and N- or P- atom transfer.
Dalton Trans 2006, 2161—2168. (m) Chirik, P. J. Dinitrogen
functionalization with bis(cyclopentadienyl) complexes of zirconium
and hafnium. Dalton Trans 2007, 16—25. (n) Khoenkhoen, N.; de
Bruin, B.; Reek, J. N. H.; Dzik, W. I. Reactivity of Dinitrogen Bound
to Mid- and Late-Transition-Metal Centers. Eur. . Inorg. Chem. 2018,
2015, 567—598. (o) Nishibayashi, Y. Recent Progress in Transition-
Metal-Catalyzed Reduction of Molecular Dinitrogen under Ambient
Reaction Conditions. Inorg. Chem. 2015, 54, 9234—9247. (p) Pool, J.
A.; Lobkovsky, E.; Chirik, P. J. Hydrogenation and cleavage of
dinitrogen to ammonia with a zirconium complex. Nature 2004, 427,
527-530. (q) Anderson, J. S.; Rittle, J; Peters, J. C. Catalytic
conversion of nitrogen to ammonia by an iron model complex. Nature
2013, 501, 84—88. (r) Cori, L; Mercado, B. Q; Bill, E.; Vinyard, D.
J.; Holland, P. L. Binding of dinitrogen to an iron-sulfur-carbon site.
Nature 2015, 526, 96—99. (s) Arashiba, K.; Miyake, Y.; Nishibayashi,
Y. A molybdenum complex bearing PNP-type pincer ligands leads to
the catalytic reduction of dinitrogen into ammonia. Nat. Chem. 2011,
3, 120—125. (t) Laplaza, C. E.; Cummins, C. C. Dinitrogen Cleavage
by a Three-Coordinate Molybdenum(III) Complex. Science 1998,
268, 861—863. (u) Fryzuk, M. D.; Love, J. B.; Rettig, S. J.; Young, V.
G. Transformation of coordinated dinitrogen by reaction with
dihydrogen and primary silanes. Science 1997, 275, 1445—1447.

(2) (a) Denisov, N. T.; Efimov, O. N.; Shuvalova, N. L; Shilova, A.
K; Shilov, A. E. Systems reducing molecular nitrogen in protonic
media. Zh. Fiz. Khim. 1970, 44, 2694. (b) Shilov, A. E.; Denisov, N.
T.; Efimov, O. N.; Shuvalov, N. F.; Shuvalova, N. L; Shilova, E. New
nitrogenase model for reduction of molecular nitrogen in protonic
media. Nature 1971, 231, 460—461.

(3) (a) Woitha, C; Rehder, D. Vanadium(—1) Dinitrogen
Complexes with N, Coordinated End-on: Functional Models for
the “Alternative Nitrogenase. Angew. Chem., Int. Ed. Engl. 1990, 29,
1438—1440. (b) Ferguson, R.; Solari, E.; Floriani, C.; Chiesi-Villa, A.;
Rizzoli, C. Fixation and Reduction of Dinitrogen by Vanadium(II)
and Vanadium(III): Synthesis and Structure of Dinitrogenmesitylva-
nadium Complexes. Angew. Chem., Int. Ed. Engl. 1993, 32, 396—397.
(¢) Kilgore, U. J.; Sengelaub, C. A.; Pink, M.; Fout, A. R;; Mindiola,
D. J. A Transient V'"-Alkylidene Complex: Oxidation Chemistry
Including the Activation of N, to Afford a Highly Porous
Honeycomb-Like Framework. Angew. Chem. Int. Ed. 2008, 47,
3769-3772. (d) Groysman, S Villagran, D.; Freedman, D. E,;
Nocera, D. G. Dinitrogen binding at vanadium in a tris(alkoxide)
ligand environment. Chem. Commun. 2011, 47, 10242—10244.
(e) Rehder, D.; Woitha, C.; Priebsch, W.; Gailus, H. trans-
[Na(thf)][V(N,),(Ph,PCH,CH,PPh,),]: Structural Characterization
of a Dinitrogenvanadium Complex, a Functional Model for
Vanadiumnitrogenase. J. Chem. Soc, Chem. Commun. 1992, 364—
36S. (f) Liu, G; Liang, X.; Meetsma, A.; Hessen, B. Synthesis and
structure of an aminoethyl-functionalized cyclopentadienyl vanadium-
(I) dinitrogen complex. Dalton Trans 2010, 39, 7891—7893.
(g) Vidyaratne, L; Gambarotta, S.; Korobkov, I. Dinitrogen Partial
Reduction by Formally Zero- and Divalent Vanadium Complexes
Supported by the Bis-iminopyridine System. Inorg. Chem. 2005, 44,
1187—-1189. (h) Smythe, N. C.; Schrock, R. R.; Miiller, P.; Weare, W.
W. Synthesis of [(HIPTNCH,CH,);N]V Compounds (HIPT = 3,5-

(2,4,6-i-PryC¢H,)C¢H;) and an Evaluation of Vanadium for the
Reduction of Dinitrogen to Ammonia. Inorg. Chem. 2006, 45, 9197—
9205. (i) Vidyaratne, I; Crewdson, P.; Lefebvre, E.; Gambarotta, S.
Dinitrogen Coordination and Cleavage Promoted by a Vanadium
Complex of a o,mo-Donor Ligand. Inorg. Chem. 2007, 46, 8836—
8842. (j) Desmangles, D.; Jenkins, H.; Ruppa, K. B.; Gambarotta, S.
Preparation and characterization of a vanadium(III) dinitrogen
complex supported by a tripodal anionic amide ligand. Inorg. Chim.
Acta 1996, 250, 1—4. (k) Hao, S; Berno, P.; Minhas, R. K;
Gambarotta, S. The role of ligand steric hindrance in determining the
stability of very short V-V contacts. Preparation and characterization
of a series of V(II) and V(III) amidinates. Inorg. Chim. Acta 1996,
244, 37—49. (1) Edema, J. J.; Meetsma, A.; Gambarotta, S. Divalent
Vanadium and Dinitrogen Fixation: The Preparation and X-ray
Structure of (u-N,){[(0-Me,NCH,)C¢H,],V(Py)}(THE),. J. Am.
Chem. Soc. 1989, 111, 6878—6880. (m) Song, J.-I; Berno, P;
Gambarota, S. Dinitrogen Fixation, Ligand Dehydrogenation, and
Cyclometalation in the Chemistry of Vanadium(III) Amides. J. Am.
Chem. Soc. 1994, 116, 6927—6928. (n) Berno, P.; Hao, S.; Minhas, R ;
Gambarotta, S. Dinitrogen Fixation versus Metal-Metal Bond
Formation in the Chemistry of Vanadium(II) Amidinates. J. Am.
Chem. Soc. 1994, 116, 7417—7418. (o) Ferguson, R.; Solari, E.;
Floriani, C.; Osella, D.; Ravera, M.; Re, N.; Chiese-Villa, A.; Rizzolj,
C. Stepwise Reduction of Dinitrogen Occurring on a Divanadium
Model Compound: A Synthetic, Structural, Magnetic, Electro-
chemical, and Theoretical Investigation on the [V = N=N = V]*
[n = 4—6] Based Complexes. J. Am. Chem. Soc. 1997, 119, 10104—
1011S. (p) Tran, B. L.; Pinter, B,; Nichols, A. J.; Konopka, F. T,;
Thompson, R.; Chen, C.-H,; Krzystek, J.; Ozarowski, A.; Telser, J;
Baik, M.-H.; Meyer, K;; Mindiola, D. J. A Planar Three-Coordinate
Vanadium(II) Complex and the Study of Terminal Vanadium
Nitrides from N,: A Kinetic or Thermodynamic Impediment to N-
N Bond Cleavage? J. Am. Chem. Soc. 2012, 134, 13035—1304S.
(q) Buijink, J.-K.; Meetsma, A.,; Teuben, J. H. Electron-Deficient
Vanadium Alkyl Complexes: Synthesis and Molecular Structure of the
Vanadium(III) Dinitrogen Complex [(Me;CCH,);V],(¢-N,). Orga-
nometallics 1993, 12, 2004—2005S. (r) Sekiguchi, Y.; Arashiba, K;
Tanaka, H.; Eizawa, A.; Nakajima, K.; Yoshizawa, K; Nishibayashi, Y.
Catalytic Reduction of Molecular Dinitrogen to Ammonia and
Hydrazine Using Vanadium Complexes. Angew. Chem., Int. Ed. 2018,
57, 9064—9068.

(4) Clentsmith, G. K. B.; Bates, V. M. E.; Hitchcock, P. B.; Cloke, F.
G. N. Reductive Cleavage of Dinitrogen by a Vanadium Diamido-
amine Complex: the Molecular Structures of [V(Me;SiN-
{CH,CH,NSiMe,},) (4-N)], and K[V(Me,SiN{CH,CH,NSiMe;},)-
(u-N)1,. J. Am. Chem. Soc. 1999, 121, 10444—10445.

(5) Ishida, Y.; Kawaguchi, H. Nitrogen Atom Transfer from a
Dinitrogen-Derived Vanadium Nitride Complex to Carbon Monoxide
and Isocyanide. J. Am. Chem. Soc. 2014, 136, 16990—16993.

(6) Imayoshi, R.; Nakajima, K.; Nishibayashi, Y. Vanadium-catalyzed
Reduction of Molecular Dinitrogen into Silylamine under Ambient
Reaction Conditions. Chem. Lett. 2017, 46, 466—468.

(7) (a) Leigh, G. J. Protonation of Coordinated Dinitrogen. Acc.
Chem. Res. 1992, 25, 177—181. (b) Leigh, G. J.; Prieto-Alcon, R;
Sanders, J. R. The Protonation of Bridging Dinitrogen to yield
Ammonia. J. Chem. Soc, Chem. Commun. 1991, 921—-922.

(8) (a) Studt, F.; Tuczek, F. Theoretical, Spectroscopic, and
Mechanistic Studies on Transition-Metal Dinitrogen Complexes:
Implications to Reactivity and Relevance to the Nitrogenase Problem.
J. Comput. Chem. 2006, 27, 1278—1291. (b) Fryzuk, M. D.; Johnson,
S. A. The continuing story of dinitrogen activation. Coord. Chem. Rev.
2000, 200—202, 379—409.

(9) For examples, see: (a) Schrock, R. R. Transition Metal
Complexes That Contain a Triamidoamine Ligand. Acc. Chem. Res.
1997, 30, 9—16. (b) Cummins, C. C.; Lee, J.; Schrock, R. R. Trigonal-
monopyramidal M(III) complexes of the type M(N;N) [M =
titanium, vanadium, chromium, manganese, iron; N3N = [(tert-
BuMe,Si)NCH,CH,];N]. Angew. Chem. Int. Ed. Engl. 1992, 31,
1501-1503. (¢) Cummins, C. C.; Lee, J.; Schrock, R. R.

DOI: 10.1021/acs.inorgchem.8b00982
Inorg. Chem. 2018, 57, 11884—11894


http://dx.doi.org/10.1021/acs.inorgchem.8b00982

Inorganic Chemistry

Phosphinidenetantalum(V) complexes [(N;N)Ta = PR] as phospha-
Wittig reagents (R = Ph, Cy, tert-Bu; N3N = (Me;SiNCH,CH,);N).
Angew. Chem., Int. Ed. Engl. 1993, 32, 756—759. (d) Christou, V.;
Arnold, J. Synthesis of monomeric terminal chalcogenides via
template-induced disilylchalcogenide elimination: structure of [ETa-
{Me;SiNCH,CH, };N]] (E = selenium, tellurium). Angew. Chem., Int.
Ed. Engl. 1993, 32, 1450—1452. (e) Naiini, A. A.; Menge, W. M. P. B,;
Verkade, J. G. Titanatranes and azatitanatranes: nucleophilic
substitution reactions on the axial position. Inorg. Chem. 1991, 30,
5009—5012. (f) Cummins, C. C.; Schrock, R. R. Synthesis of an
iron(IV) cyanide complex that contains the triamidoamine ligand
[ (tert-BuMe,SiNCH,CH,);N1*. Inorg. Chem. 1994, 33, 395—396.
(g) Cummins, C. C; Schrock, R. R; Davis, W. M. Synthesis of
Terminal Vanadium(V) Imido, Oxo, Sulfido, Selenido, and Tellurido
Complexes by Imido Group or Chalcogen Atom Transfer to Trigonal
Monopyramidal V[N,;N] (N;N = [(Me,;SiNCH,CH,);N]*). Inorg.
Chem. 1994, 33, 1448—1457. (h) Duan, Z.; Verkade, J. G. Synthesis
and Characterization of a Novel Azatitanatrane. Inorg. Chem. 1995,
34, 4311—4316. (i) Nomura, K; Schrock, R. R.; Davis, W. M.
Synthesis of Vanadium(III), -(IV), and -(V) Complexes That Contain
the Pentafluorophenyl-Substituted Triamidoamine Ligand
[(C¢FsNCH,CH,);N]*. Inorg. Chem. 1996, 35, 3695—3701.
(j) Freundlich, J. S.; Schrock, R. R. Synthesis of Triamidoamine
Complexes of Niobium. Inorg. Chem. 1996, 35, 7459—7461.
(k) Rosenberger, C.; Schrock, R. R; Davis, W. M. Synthesis and
Structure of a Trigonal Monopyramidal Vanadium(III) Complex,
[(C¢FsNCH,);N]V, and the Vanadium(IV) Product of Its Oxidation,
{[(C4FsNCH,CH,),N(CH,CH,NHCF;)]V(0)},. Inorg. Chem.
1997, 36, 123—125. (1) Smythe, N. C.; Schrock, R. R; Miiller, P.;
Weare, W. W. Synthesis of [(HIPTNCH,CH,);N]Cr Compounds
(HIPT = 3,5-(2,4,6-i-Pr;C¢H,),C¢H; and an Evaluation of
Chromium for the Reduction of Dinitrogen to Ammonia. Inorg.
Chem. 2006, 45, 7111—7118. (m) Pinkas, J.; Gaul, B.; Verkade, J. G.
Group 13 azatranes: synthetic, conformational, and configurational
features. J. Am. Chem. Soc. 1993, 115, 3925—3931. (n) Plass, W.;
Verkade, J. G. A novel transmetalation reaction: a route to transition
metallatranes. J. Am. Chem. Soc. 1992, 114,2275—2276. (o) Cummins,
C. C,; Schrock, R. R;; Davis, W. M. Synthesis of Vanadium and
Titanium Complexes of the Type RM[(Me;SiNCH,CH,);N] (R =
Cl, Alkyl) and the Structure of CIV[(Me;SiNCH,CH,);N]. Organo-
metallics 1992, 11, 1452—1454.

(10) (a) Yandulov, D. V.; Schrock, R. R. Catalytic Reduction of
Dinitrogen to Ammonia at a Single Molybdenum Center. Science
2003, 301, 76—78. (b) Schrock, R. R. Catalytic reduction of
dinitrogen to ammonia by molybdenum: theory versus experiment.
Angew. Chem., Int. Ed. 2008, 47, 5512—5522. (c) Schrock, R. R.
Catalytic Reduction of Dinitrogen to Ammonia at a Single
Molybdenum Center. Acc. Chem. Res. 2008, 38, 955—962.

(11) (a) Scheer, M.; Miiller, J.; Schiffer, M.; Baum, G.; Winter, R.
Pnictides as Symmetrically Bridging Ligands in Novel Neutral
Complexes. Chem. - Eur. J. 2000, 6, 1252—1257. (b) Greco, G. E;
Schrock, R. R. Synthesis, Structure, and Electrochemical Studies of
Molybdenum and Tungsten Dinitrogen, Dazenido, and Hydrazido
Complexes That Contain Aryl-Substituted Triamidoamine Ligands.
Inorg. Chem. 2001, 40, 3861—3878. (c) Yandulov, D. V.; Schrock, R.
R. Synthesis of tungsten complexes that contain hexaisopropylter-
phenyl-substituted triamidoamine ligands, and reactions relevant to
the reduction of dinitrogen to ammonia. Can. J. Chem. 2005, 83,
341-357.

(12) Doyle, L. R;; Wooles, A. J.; Jenkins, L. C.; Tuna, F.; McInnes, E.
J. L; Liddle, S. T. Catalytic Dinitrogen Reduction to Ammonia at a
Triamidoamine-Titanium Complex. Angew. Chem., Int. Ed. 2018, 57,
6314—6318.

(13) Gansduer, A; Rinker, B. A comparison of electron transfer
reagents in the reductive opening of epoxides: reasons for the
superiority of titanocene based complexes. Tetrahedron 2002, S8,
7017—7026.

(14) Kisanga, P. B.; Verkade, J. G. Synthesis of new proazaphospha-
tranes and their application in organic synthesis. Tetrahedron 2001,
57, 467—475.

(15) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor,
G. C. Synthesis, structure, and spectroscopic properties of copper(1I)
compounds containing nitrogen-sulfur donor ligands: the crystal and
molecular structure of aqua[1,7-bis(N-methylbenzimidazol-2-y1)-2,6-
dithiaheptane]copper(II) perchlorate. . Chem. Soc, Dalton Trans.
1984, 1349—1356.

(16) Holland, P. L. Metal-dioxygen and metal-dinitrogen complexes:
where are the electrons? Dalton. Trans. 2010, 39, 5415—5425.

(17) Laplaza, C. E; Johnson, M. J. A; Peters, J. C; Odom, A. L;
Kim, E.; Cummins, C. C,; George, G. N,; Pickering, I J. Dinitrogen
Cleavage by Three-Coordinate Molybdenum(III) Complexes: Mech-
anistic and Structural Data. J. Am. Chem. Soc. 1996, 118, 8623—8638.

(18) CRC Handbook of Chemistry and Physics, 90th ed.; Lide, D. R,
Ed.; CRC Press/Taylor and Francis: Boca Raton, FL; CD-ROM
Version 2010.

(19) (a) Field, L. D.,; Hazari, N;; Li, H. L. Nitrogen Fixation
Revisited on Iron(0) Dinitrogen Phosphine Complexes. Inorg. Chem.
2015, 54, 4768—4776. (b) Hill, P. J.; Doyle, L. R;; Crawford, A. D.;
Myers, W. K;; Ashley, A. E. Selective Catalytic Reduction of N, to
N,H, by a simple Fe Complex. J. Am. Chem. Soc. 2016, 138, 13521—
13524.

(20) Casarini, D.; Lunazzi, L.; Mazzanti, A. Correlated Rotations in
Benzylfluorene Derivatives: Structure, Conformation, and Stereo-
dynamics. J. Org. Chem. 2008, 73, 2811—2818.

(21) Brookhart, M.; Grant, B.; Volpe, A. F., Jr. [(3,5-
(CF;),CgH;), B [H(OEt,),]*: A Convenient Reagent for Gener-
ation and Stabilization of Cationic, Highly Electrophilic Organo-
metallic Complexes. Organometallics 1992, 11, 3920—3922.

(22) Thomas, A. M,; Lin, B.-L.; Wasinger, E. C,; Stack, T. D. P.
Ligand Noninnocence of Thiolate/Disulfide in Dinuclear Copper
Complexes: Solvent-Dependent Redox Isomerization and Proton-
Coupled Electron Transfer. J. Am. Chem. Soc. 2013, 135, 18912—
18919.

(23) Absorption correction: Sheldrick, G. M. SADABS,Program for
Empirical Absorption Correction; University of Gottingen, Gottingen,
Germany, 1996.

(24) Structure solution ShelXT: Sheldrick, G. M. Acta Crystallogr.,
Sect. A: Found. Adv. 2018, 71, 3—8.

(25) Refinement: ShleXL Sheldrick, G. M. Acta Crystallogr., Sect. C
2015, C71, 3-8.

(26) Software package from data collection to structure solution:
APEX2; Bruker AXS Inc., Madison. WI, 2014.

(27) (a) Becke, A. D. Density-functional thermochemistry. IIl. The
role of exact exchange. J. Chem. Phys. 1993, 98, 5648—5652.
(b) Handy, N. C.; Cohen, A. J. Left-right correlation energy. Mol.
Phys. 2001, 99, 403—412. (c) Hoe, W.-M.; Cohen, A.; Handy, N. C.
Dynamic correlation. Chem. Phys. Lett. 2001, 341, 319-328.
(d) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 1996, 77, 3865—3868.
(e) Perdew, J. P.; Burke, K; Ernzerhof, M. Errata: Generalized
gradient approximation made simple. Phys. Rev. Lett. 1997, 78, 1396—
1396. (f) Becke, A. D. Density-functional exchange-energy approx-
imation with correct asymptotic-behavior. Phys. Rev. A: At.,, Mol,, Opt.
Phys. 1988, 38, 3098—3100. (g) Perdew, J. P. Density-functional
approximation for the correlation energy of the inhomogeneous
electron gas. Phys. Rev. B: Condens. Matter Mater. Phys. 1986, 33,
8822—8824.

(28) (a) Wachters, A. J. H. Gaussian Basis Set for Molecular
Wavefunctions Containing Third-Row Atoms. J. Chem. Phys. 1970,
52, 1033—1036. (b) Raghavachari, K; Trucks, G. W. Highly
correlated systems. Excitation energies of first row transition metals
Sc—Cu. J. Chem. Phys. 1989, 91, 1062—1065S. (c) McLean, A. D,;
Chandler, G. S. Contracted Gaussian basis sets for molecular
calculations. I. Second row atoms, Z = 11—18. J. Chem. Phys. 1980,
72, 5639—5648. (d) Frisch, M. J; Pople, J. A.; Binkley, J. S. Self-
consistent molecular orbital methods 25. Supplementary functions for

DOI: 10.1021/acs.inorgchem.8b00982
Inorg. Chem. 2018, 57, 11884—11894


http://dx.doi.org/10.1021/acs.inorgchem.8b00982

Inorganic Chemistry

Gaussian basis sets. J. Chem. Phys. 1984, 80, 3265—3269. (e) Krishnan,
R; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-consistent molecular
orbital methods. XX. A basis set for correlated wave functions. J.
Chem. Phys. 1980, 72, 650—654. (f) Hehre, W. J.; Ditchfield, R;
Pople, J. A. Self-Consistent Molecular Orbital Methods. XII. Further
Extensions of Gaussian-Type Basis Sets for Use in Molecular Orbital
Studies of Organic Molecules. J. Chem. Phys. 1972, 56, 2257—2261.
(g) Hariharan, P. C; Pople, J. A. The influence of polarization
functions on molecular orbital hydrogenation energies. Theor. Chem.
Acc. 1973, 28, 213—-222.

(29) Dreuw, A; Head-Gordon, M. Single-Reference ab Initio
Methods for the Calculation of Excited States of Large Molecules.
Chem. Rev. 2008, 10S, 4009—4307.

(30) Martin, R. L. Natural transition orbitals. J. Chem. Phys. 2003,
118, 4775—4777.

(31) Iikura, H; Tsuneda, T.; Yanai, T.; Hirao, K. A long-range
correction scheme for generalized-gradient-approximation exchange
functionals. J. Chem. Phys. 2001, 115, 3540—3544.

(32) Yanai, T.; Tew, D. P.; Handy, N. C. A new hybrid exchange—
correlation functional using the Coulomb-attenuating method (CAM-
B3LYP). Chem. Phys. Lett. 2004, 393, S1—57.

(33) Caricato, M; Trucks, G. W.; Frisch, M. J.; Wiberg, K. B.
Electronic Transition Energies: A Study of the Performance of a Large
Range of Single Reference Density Functional and Wave Function
Methods on Valence and Rydberg States Compared to Experiment. J.
Chem. Theory Comput. 2010, 6, 370—383.

(34) (a) Tomasi, J.; Persico, M. Molecular Interactions in Solution:
An Overview of Methods Based on Continuous Distributions of the
Solvent. Chem. Rev. 1994, 94, 2027—2094. (b) Tomasi, J.; Mennucci,
B.; Cammi, R. Quantum Mechanical Continuum Solvation Models.
Chem. Rev. 2005, 10S, 2999—3093.

(35) (a) Frisch, M. J; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R;; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M;
Ehara, M.; Toyota, K; Fukuda, R; Hasegawa, J; Ishida, M,;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T,;
Montgomery, J. A, Jr; Peralta, J. E; Ogliaro, F.; Bearpark, M. J;
Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith, T.
A.; Kobayashi, R,; Normand, J.; Raghavachari, K,; Rendell, A. P;
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J.
M.; Klene, M; Knox, J. E; Cross, J. B,; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J;
Cammi, R;; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma,
K.; Zakrzewski, V. G.; Voth, G. A,; Salvador, P.; Dannenberg, J. J;
Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.;
Cioslowski, J.; Fox, D. J. Gaussian 09, Revision E.01; Gaussian, Inc.:
Wallingford, CT, 2013. (b) Frisch, M. J.; Trucks, G. W.; Schlegel, H.
B.; Scuseria, G. E;; Robb, M. A,; Cheeseman, J. R;; Scalmani, G.;
Barone, V.; Petersson, G. A,; Nakatsuji, H,; Li, X,; Caricato, M,;
Marenich, A. V,; Hratchian, H. P,; Ortiz, J. V.; Izmaylov, A. F;
Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng,
B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.;
Gao, J; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota,
K.; Fukuda, R;; Hasegawa, J; Ishida, M.; Nakajima, T.; Honda, Y.;
Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery, J. A,, Jr.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. ].; Brothers, E. N;
Kudin, K. N,; Staroverov, V. N.; Keith, T. A,; Kobayashi, R;
Normand, J.; Raghavachari, K;; Rendell, A. P.; Burant, J. C.; Iyengar,
S. S,; Tomasi, J; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M,;
Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma,
K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 16, Revision B.01;
Gaussian, Inc.: Wallingford, CT, 2016.

(36) (a) Wasada, H.; Tsutsui, Y. The Development of a Program
Calculating Values of Molecular Orbital Functions and Electron
Density Functions. Bull. Coll. Gen. Educ. 1996, 33, 145—158.
(b) Takahashi, I; Wasada, H.; Tsutsui, Y. ; MOVIEW: Program of
Nagoya University Information Technology Center Representing Molec-
ular Orbitals and Electron Density Maps by Isosurfaces.

11894

(37) Gorelsky, S. I. SWizard program, revision 4.6; http://www.sg-

chem.net/.

DOI: 10.1021/acs.inorgchem.8b00982
Inorg. Chem. 2018, 57, 11884—11894


http://www.sg-chem.net/
http://www.sg-chem.net/
http://dx.doi.org/10.1021/acs.inorgchem.8b00982

L)

Check for
updates

Eur/IC

European Journal of
Inorganic Chemistry

Accepted Article

Title: Syntheses, Characterizations, and Crystal Structures of
Dinitrogen-Divanadium Complexes Bearing Triamidoamine
Ligands

Authors: Yoshiaki Kokubo, Yuko Wasada-Tsutsui, Shunsuke Yomura,
Sachiko Yanagisawa, Minoru Kubo, Shinichi Kugimiya, Yuji
Kajita, Tomohiro Ozawa, and Hideki Masuda

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Eur. J. Inorg. Chem. 10.1002/ejic.201901123

Link to VoR: http://dx.doi.org/10.1002/ejic.201901123



http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.201901123&domain=pdf&date_stamp=2019-12-05

European Journal of Inorganic Chemistry

10.1002/ejic.201901123

WILEY-VCH

Syntheses, Characterizations, and Crystal Structures of
Dinitrogen-Divanadium Complexes Bearing Triamidoamine

Ligands

Yoshiaki Kokubo,? Yuko Wasada-Tsutsui,’” Shunsuke Yomura,® Sachiko Yanagisawa,’’ Minoru
Kubo,® Shinichi Kugimiya,®® Yuji Kaijita,*® Tomohiro Ozawa,® and Hideki Masuda®®®!

Abstract: We recently reported the syntheses, crystal structures, and
protonation reactions of dinitrogen divanadium complexes bearing
triamidoamine ligands, ([{V(L®)}2(u-N2)] (R = iBu (1), EtBu (2), and
iPr2Bn (3)). In this study, we have additionally synthesized two novel
dinitrogen-divanadium complexes with similar derivatives (R = Bn (4)
and MeBn (5)), which are characterized spectroscopically and
structurally. The X-ray structures have both revealed a divanadium
complex with a bridging N2 ligand. The protonation reactions of the p-
N: ligands for 4 and 5 in the presence of M*[C10Hs] (M* = Na*, K*) and
proton source (HOTf or [LutH](OTf)) have given ammonia.
Particularly, the NH3 yield from the reaction of 5 with K*[C1oHs] and
[LutH](OTf) has been 341 %. Furthermore, mixed valence Na* adduct
of 1, [Na{V(L®B")}2(u-N2)] (6), which is prepared by the reaction of 1
with sodium metal, has been prepared and its crystal structure has
also been determined. Compound 6 is electrochemically and
spectroscopically characterized, which is also evaluated by DFT
calculation method.

Introduction

Dinitrogen activation by transition-metal complexes has
intensely been investigated by biochemists and chemists.["l Since
Shilov and co-workers found that the V(OH)2 complex supported
with Mg(OH)2 promotes highly efficient dinitrogen fixation,!'22!
some dinitrogen-vanadium complexes have been reported.F!
Recently, the research groups of Cloke, Gambarotta, and
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Kawaguchi succeeded in constructing dinuclear vanadium-nitride
complexes through direct N-N bond cleavage.®*#5! Particularly,
dinitrogen activation by a vanadium complex was taken notice,
since the crystal structure of vanadium nitrogenase was
determined.®! Catalytic conversion of dinitrogen to ammonia by
using a vanadium complex was also successfully carried out by
Nishibayashi's group.®®”l  They found and described that an
anionic pyrrole-based PNP-type pincer and aryloxy ligands work
as effective catalysts toward direct conversion of molecular
dinitrogen to ammonia and hydrazine under mild reaction
conditions. !

The triamidoamine ligand, [N(CH2CH2NR)3]*, is one of the most
useful ligands for effective formation of metal complexes, and
many transition metal complexes with this ligand have been
reported.!l Especially, triamidoamine ligands with very bulky
substituents, [(HIPTNCH2CH2)sN]**  (HIPT = 3,5-(2,4,6-i-
PrsCsH2)2CsHs = hexaisopropylterphenyl), which have been
reported by Schrock and co-workers, are very unique, because
the very bulky substituents form the space to capture small
molecules. They first succeeded in catalytic conversion of Nz to
NHs by using the molybdenum complex,
{[(HIPTNCH2CHz)sN]Mo(N2)}.!

On the other hand, reports on the crystal structures and
reactivities of alkali or alkaline earth metal ion adducts of
dinitrogen  transition metal complexes are recently
increasing.?9°1%  These reports are very interesting from the
viewpoint that not only transition metals but also alkali or alkaline
earth metal ions contribute cooperatively to the dinitrogen
activation.

We have reported the syntheses and crystal structures of
dinitrogen-divanadium  complexes bearing triamidoamine
derivative ligands, [{V(LR)}2(u-N2)] (R = iBu (1), EtBu (2), iPr:Bn
(3), Figure 1), and the conversion of the bridging Nz ligand to
ammonia using 1, 2, and 3 under excess proton sources (HOTT,
[LutH](OTf), HCI, [(Et2O)2H](BAr's) (BArs = tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate, 3,5-(CF3)2CeH3)4B) and
reductants (M*[C'°Hg]", (M = Na* or K*)). However, we could not
detect an alkali metal ion adduct in the reaction products. They
may be formed through the protonation reaction.!'!!

In this study, we report the synthesis, characterization, crystal
structure, and protonation reactivity of three dinitrogen-
divanadium complexes bearing a series of triamidoamine ligands
and discuss in comparison with those of previously reported
complexes, 1, 2, and 3.
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{V(LP2BM)3,(N,)] (3)

Figure 1. Molecular structures of 1, 2, and 3.1'"]

Results and Discussion

Synthesis of Ligands and Their Dinitrogen Divanadium

Complexes
The tren derivative ligands, HsLR (R = Bn (tris(2-
benzylaminoethyl)amine) and MeBn (tris(2-((4-

methylbenzyl)amino)ethyl)amine), were synthesized by the
previously reported methods, which were obtained as pale yellow
oil in good yields.'"2 Their characterizations were carried out by
"H-NMR and "*C-NMR, and IR spectroscopic methods.

Two novel dinitrogen divanadium complexes bearing
triamidoamine ligands [LR>, [{V(LR)}2(u-N2)] (R = Bn (4) and
MeBn (5)), were prepared according to our previously reported
method.!"! These complexes were obtained as dark green single
crystals by recrystallization from Et2O under N2 (Scheme 1). The
crystals of 4 and 5 were stable at low temperature under inert gas,
although they decomposed under air.

R
R
: N N
NH n-BuLi R"#}\‘,?\/@/F‘
[ R VCL,THF, 0/ N
BT - .‘ ;
N_J HN in EL,0 N /@/
R,@AnywN
SIS
R R=H (4), Me (5)

Scheme 1. Syntheses of dinitrogen-divanadium complexes 4 and 5.
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Crystal Structures of 4 and 5

The crystal structures and crystal parameters of 4 and 5 are
shown in Figures 2 and 3 and Table S1, respectively. The bond
lengths around the metal and the selected bond parameters are
listed in Tables 1 and S2, respectively. The crystal of 4 contains
two independent complexes, 4a and 4b, in the unit cell. They
each have a p-Nz ligand, which is bridged between two vanadium
ions, and their coordination geometries around each vanadium
center are a trigonal bipyramid with three amide N atoms in the
equatorial positions and an amine N atom and a Nz ligand in the
axial positions, which are very similar to those reported previously,
1, 2, and 3. The t-values!'® of 4a, 4b, and 5 are 0.99, 1.00, and
1.00, respectively. The V-Nn2 bond lengths are 1.763(2), 1.758(4),
and 1.7637(16) A, respectively, which are significantly shortened
as compared with that of 3 (1.779(2) A). These values indicate to
have a multiple-bond character based on the results reported
previously.’®®l  The longer V-Nn2 bond in 3 as compared with
those of 4a, 4b, and 5 is explained by the bulkiness of the
substituent groups attached to the phenyl rings, as described
below. The N-N bond lengths for 4a, 4b, and 5 are 1.220(4),
1.220(8), and 1.226(3) A, respectively, which are close to those
of 1, 2, and 3 (1.203(4) A for 1, 1.221(4) A for 2, and 1.200(5) A
for 3). They are clearly lengthened in comparison with that of free
N2 (1.098 A), indicating that the N2 ligands have been activated.['!
The N-N bond for 5 was slightly longer than that of 4, which may
be affected by a little bulky methyl group in the para position. The
Vees\/' distances for 4a, 4b, and 5 are 4.750, 4.750, and 4.754 A,
respectively, which are slightly shorter than that (4.758 A) of 3
reported previously. The VeseV/' distance is slightly elongated with
the bulkiness of substituent groups on the phenyl ring. The V-
Namine bond length of 3 (2.155(3) A) is the shortest among 1 - 5,
and the V-Nn2 bond length of 3 (1.779(2) A) is the longest among
them conversely. Additionally, the average V-Namido bond lengths
of 4 (1.9053 A for 4a, 1.906 A for 4b) and 5 (1.906 A) are
significantly shorter than those of other vanadium(lll) complexes
with  triamidoamine  derivatives (1.9536 (av) A for
[HIPTN3N]V(THF)BM, 1,9550 A (av) for [HIPTN3N]V(NH3)B",
1.9573 A (av) for [(CeFsNCH2CH2)sN]V(THF)®l 1.941(3) for
[(CeFsNCH2CHz2)sN]V(CHsCN)). 1l However, V-Namine bond
lengths of 4 (2.174(3) A for 4a, 2.172(4) A for 4b) and 5
(2.1592(17) A) are longer a little than those of their vanadium(l1l)
complexes (2.1627(18) A for [HIPTN3N]V(THF)BN, 2.1486(7) A
for [HIPTN3N]V(NH3)B", 2.132(3) A for
[(CeFsNCH2CHz2)sN]V(THF )i, and 2.149(5) for
[(CeFsNCH2CH2)sN]JV(CHsCN)).B1  These results indicate that
steric hindrance between benzyl groups on amido N atoms is
smaller than those of the others.
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Figure 2. ORTEP drawing (50 % probability) of 4 (4a (left) and 4b (right)).
Hydrogen atoms are omitted for clarity. The atoms with superscripts, i-v are
related to the atoms without them by symmetry operations (1+y-x, 1-x, +z), (1-
y, +X-y, +z), (2/3-x, 1/3-y, 4/3-z), and (4/3-x, 2/3-y, 2/3-z), respectively.
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Figure 3. ORTEP drawing (50 % probability) of 5. Hydrogen atoms are omitted
for clarity.

Table 1. Comparison of V-Neq, V-Nnz2, V-Naxiai, and N-N Bond Lengths (A)
for 4a, 4b, 5, and 6.

V-Neq V-Nn2 V-Naxial N-N

4a 1.912(3)

1.905(3)
1.899(3)
1.905(av)

1.763(2) 2.174(3) 1.220(5)

4b 1.906(3)
1.906(av)

1.758(4) 2.172(4) 1.220(8)

5 1.910(2)
1.913(3)
1.896(2)
1.906(av

1.7637(16)  2.1592(17) 1.226(3)

)

6 2.0566(19)
1.8963(18)
1.9391(18)

( 1.8147(17)
(
(
1.9980(17)
(
(
(

1.8002(17)
1.80745(av)

2.1920(17)
2.1696(18)
2.1808(av)

1.225(3)

1.9374(19)
1.9152(18)
1.9571(av)
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UV-vis spectra of 4 and 5 in toluene are shown in Figure S1
together. The absorption bands at around 344, 410, and 570 nm
were observed. In these bands, the latter two bands at around
410 and 570 nm are assigned to the LMCT transition band from
the amide N atoms to the vanadium centers, and the former band
at 344 nm is assigned to the LMCT band from =* of the N2 ligand
and the amide N atoms to V centers.['"l 4 and 5 in toluene solution
were EPR silentat 77 K, and these "H NMR spectra showed sharp
peaks in the diamagnetic region, respectively (Figures S2 and S3).
SN NMR spectra of 4-"°N2 (4') and 5-"*N2 (5") (Figures S4 and S5,
respectively), which were prepared using ®N2 instead of '*N,
gave peaks at 29.4 and 27.0 ppm, respectively. They are very
much broadened with coupling between %'V and N nuclei. The
peak of 5 is in the highest magnetic field among 3, 4, and 5
because of the electron-donating effect of the methyl group
substituted on the phenyl ring. 5'V NMR spectra for 4 and 5
afforded the peaks at -231.8 and -228.7 ppm, respectively (Figure
S6). These values are in a lower magnetic field region than that
of 3 (-240.2 ppm). This result may be explained by electronic
effect of substituents on phenyl rings as follows; two electron-
donating isopropyl groups in 3 may have contributed to increase
in the electron density on V atom.

The resonance Raman spectra of 4 and 5 in toluene showed
two bands at 1439 and 1396 cm™' for 4 and 1440 and 1394 cm™
for 5, respectively (Figures S7 and S8). These values are very
close to those of 3 (1443, 1402 cm™). The peaks at 1396 and
1394 cm for 4 and 5, respectively, were assigned to v(™N-"“N)
band as well as 3.'"" The v('N-'5N) bands of ®N-labeled 4 (4')
and 5 (5') were also split by a Fermi doublet to appear peaks at
1366, 1335 cm™ and 1365, 1325 cm™, respectively. Additionally,
v(N-N) band was shifted to a lower wavenumber region with
lengthening in N-N bond.

Electrochemical Properties

The cyclic voltammetry for dinitrogen divanadium complexes
was measured in THF, whose voltammograms are shown in
Figure S9 for complexes 1, 2, and 3 and in Figure S10 for 4 and
5, respectively. The Epc and Epa of these complexes are listed in
Table 2. In 1, 2, 3, and 4, some cathodic and anodic peaks were
observed at -2.01 and -1.85 V for 1, -1.61 and -1.41 V for 2, -1.85
V for 3, -1.79 V for 4, respectively. When voltammograms were
swept over 0 V to the positive region, very small waves were
detected in 3 and 4, and no peak was observed in 5. We thought
that the peaks observed for 1, 2, and 3 were originated from the
decomposition products of dinitrogen complexes, which were
formed by dissociation of N2 ligand because of their oxidizations
to [{V(LR)}2(u-N2)I*, and that the decompositions of 3, 4, and 5
were disturbed by their bulky benzyl groups. Thus, it is thought
that 3, 4, and 5 with bulky benzyl groups have more desirable
structures than 1 and 2 in electron transfer reactions.
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Table 2. Electrochemical data for 1, 2, 3, 4, and 5.

compound Epc Epa
1 -2.58, -2.01, -0.53 -2.34,-1.85, 0.02
2 -2.00, -1.61, -0.41 -1.82,-1.41, 0.01
3 -2.50, -1.85, -0.38 -2.26,0.37
4 -2.47,-1.79, -0.39 -2.27,0.14
5 -2.51,-0.40 -2.34,0.06

[a] All potentials are reported vs. [Fe(CsHs)2]/[Fe(CsHs)z]* in THF at room
temperature. The concentration of the supporting electrolyte TBAP was 0.1
M. The concentration of the complex was 0.5 mM.

Protonation Reaction

Protonation of a u-N2z ligand in 4 and 5 was investigated by using
excess amounts of HOTf or [LutH](OTf) as a proton source and
M*[C1oHg]” (M* = Na*, K*) as a reductant. In all cases, hydrazine,
N2Hs, was not detected. The yields of NH4* ion were 13 % for 4
and 45 % for 5 (per V atom), respectively, when Na*[C1oHs] and
HOTf were used, which are listed together with those previously
reported for 1, 2, and 3 in Table 3. And the yields were increased
up to 64 and 49 %, respectively, when K*[CioHg]" was used
instead of Na*[C1oHs]. Additionally, the yields were increased up
to 191 and 341 %, respectively, when K*[C1oHs]" and [LutH](OTf)
were used. The NH4* yield using 5 was higher than that using 4
except for 4 with K[C10Hs] and HOTf. This is explained as follows;
the N2 ligand in 5 is more activated than that in 4 and
decomposition of 5 in the protonation is less than that of 4.
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Table 3. Quantification of NH4* Produced by Reactions of 1 - 5 in Presence
of Reductants and Proton Sources.[?]

cmpd  Reductant Proton Source  NHs Yield/ %! ref.
1 Na‘[CiHs]  HOTF 151 11
[LutH)(OT) 87 11
K[CioHg|  HOTF 32 11
[LutH)(OTH 80 11
2 Na*[CiHs]  HOTF 18 11
[LutH)(OTH) 35 11
K[CioHg|  HOTF 59 1
[LutH](OTH) 1 1
3 Na‘[CiHs]  HOTF 10 1
[LutH](OTf) 7 11
KCioHs|  HOTF 21 1
[LUtH](OTH) 44 1
4 Na*[CioHs]”  HOTf 13 this work
[LUtH](OTH) 67 this work
KCioHs|  HOTF 64 this work
[LUtH](OTH) 191 this work
5 Na*[CioHs]  HOTf 45 this work
[LUtH](OTH) 127 this work
KCioHs|  HOTF 49 this work
[LUtH](OTH) 341 this work

[a] Tall reactions were carried out in THF at room temperature under N2.
Concentration of [complex]: 1.33 x 102 mM. Lut = 2,6-dimethylpyridine. [b]
Yields are based on a vanadium ion.

Sodium lon Adduct (6)

We did not detect any alkali metal ion adduct in all the reactions
of 1 - 5 with M[C1oHs] (M = Na* or K*). However, compound 1
reacted with sodium metal to obtain a dark red product as a crystal,
[Na{V(LBY)2(u-N2)] (6). This compound was immediately
decomposed under air at ambient temperature. Fortunately, a
single crystal of 6 was obtained, whose crystallographic data and
crystal structure are shown in Table S1 and Figure 4, respectively.
The bond lengths around the metal and the selected bond
parameters are listed in Tables 1 and S3, respectively.
Compound 6 is one electron-reduced product of 1, which has a
sodium ion and two vanadium ions in the compound. Thus, 6 is
considered to be a mixed valence divanadium complex. As far as

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

we know, such a mixed valence divanadium-dinitrogen complex
is rare.’9°! Floriani and co-workers reported the preparation and
dinitrogen reduction reactivity of [{V(Mes)s}2(N2)Na]®dl, which was
generated in the formation process of
[Na(diglyme)2]'[{V(Mes)s}2(N2)Na] as an intermediate and
[{V(Mes)s}2(N2)I [K(diglyme)s]*,2°! whose crystal structures were
determined by X-ray analysis (Mes = 2,4,6-Me3CesHz2, diglyme =
(MeOCH2CH2)20). In that case, a sodium ion is coordinated to
the p-N2 ligand in n?-type bonding (Na---N =2.513 (12), 2.607(12)
A) and is interacted with some carbon atoms of two phenyl rings
in n?- and n*- type bondings (Na---C = 2.388 - 2.601 A). In this
case, the sodium ion is coordinated to the p-N2 ligand (Na3---N4
= 2.601(2), Na3---N5 = 2.511(2) A) and two amide N atoms
(Na3---N7 = 2.4157(19), Na3---N11 = 2.5226(19) A), whose
bonding style is very similar to the previous work, as described
above. Two coordination geometries around V1 and V2 atoms
were asymmetric, and the V-N bonds around V1 (av. 1.9797 A)
are overall longer than those around V2 (av. 1.9641 A). Thus, it
means that V1 has been reduced by one electron. The N-N bond
length in 6 was 1.225(3) A, which is elongated by 0.022 A as
compared to that in 1 without Na* (1.203(4) A).'" Two V-N-N
angles (V1-N4-N5 and V2-N5-N4) in 6 were 164.56(16)° and
166.27(16)°, respectively, and they were more bent than those in
1 (178.59(26)°). These findings indicate that in complex 6, 1 is
strongly interacted with the Na* ion.

'H NMR spectrum of 6 showed paramagnetic shift, and three
broadened peaks were observed at-8.97, -13.18, and -20.23 ppm
(Figure S12). The effective magnetic moment of 6 was
determined by Evan's NMR solution method!'! at 298 K to be 1.94
us. This value indicates that the spin state of complex 6 is S =
1/2. The resonance Raman spectrum of 6 is shown in Figure S13.
The v(*N-'“N) stretching vibration was observed at 1482 cm™,
and "®N-labeled 6 (6') showed two peaks at 1436 and 1414 ¢cm""
(vide infra). Small peaks at 1392 cm™ for 6 and at 1365, 1327 cm’
! for 6' are supposed to correspond to v(N-N) peaks of 1 (v('*N-
N): 1399 cm™) and "®N-labeled 1 (1', v(**N-'®N): 1367 and 1330
cm™) that have been formed by dissociation of Na* under
resonance Raman measurement condition, respectively.'l In
electronic absorption spectrum of 6 in n-hexane, the bands were
observed at 286 (15500), 348 (24000), 432 (sh., 10100), 592
(2350), and 968 nm (240 M cm™) (Figure S14), which were
assigned as described below.

Additionally, we also carried out the protonation reaction of 6
with HOTTf in the presence of Na[C1oHs]. As the result, NHs* was
obtained in 41 % yield, which was lower than that of 1 (151 %).!""!
Floriani and co-workers previously reported that not only NHs
(7 %) but also N2Hs (20 %) were generated from the protonation
reaction of [{V(Mes)s}2(N2)[TK(diglyme)s]*.*l However, in our
case, hydrazine was not detected. We think that some kinds of
alkali metal ion adducts like 6 have been formed in the generation
process of NHs, although we cannot explain the difference
between them in detail.
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Figure 4. ORTEP drawing (50 % probability) of 6. Hydrogen atoms are omitted
for clarify.

DFT Calculation

We investigated the electronic structure of 6 by using DFT
calculations.  The structural parameters in the optimized
geometry for 6 are in good agreement with those of the crystallo-
graphically determined structure, whereas all the calculated
coordination bonds for the V center and N-N bond are slightly
longer and the calculated Na-N2 distances are slightly shorter
than those in the crystal structure (see Table S5). The increase
in the coordination bond lengths and the N-N bond lengths by the
reduction of 1 and the bent N2 coordination were reproduced in
the optimized geometry of 6.

The calculated v('*N-'N) stretching frequency of 6 was 1501
cm™', which is close to the observed one, 1482 cm™, and for 6°,
which was labeled with N2, three v('®N-"°N) stretching
frequencies were estimated to the peaks at 1436, 1452, and 1453
cm™ (see Table S6). The scatterings at 1452 and 1453 cm™ are
so close to each other to form a single band, and the calculated
isotope shifts for this band, 49 cm™, and those for the other one,
65 cm™', agree well with the observed shifts, 44 and 68 cm™,
respectively. The vibration modes at 1436 cm™ and 1452 cm™,
which was coupled with the N-N stretching mode, are assigned to
scissoring of the a-methylene in the isobutyl groups and that of
the methylene groups of chelate rings, respectively (Figure S15).
We looked for some modes coupled with the N-N stretching, as
observed in 1, to assign the observed scatterings below 1400 cm™
. The modes calculated around 1390 cm~" has neither dinitrogen
motion nor Raman activity. We concluded that these modes do
not come from 6, but come from the oxidized form, i.e., the original
complex 1.

The overall electronic absorption bands calculated for 6 are
very similar to the experimental ones, but the shoulder peak at
432 nm and the peak at 286 nm, which were observed in the

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

spectrum of 6 (Figure S14), were not estimated (see Figure S16).
The calculation results that the larger tailing bands and dense
transitions with substantial oscillation strengths in 6 as compared
with 1 were observed in a higher energy region than 450 nm,
which was induced due to the distorted structure and flexibility in
electron density of 6, suggest that each band should be attributed
to a bunch of similar transitions. In addition, taking into account
the red shift for the calculated transitions by 0.2-0.4 eV, as found
in the case of 1,['" to some extent the same energy shift seems
to be expected in the case of 6. Thus, we assigned each of the
five observed bands to a bunch of the transitions with similar types
and energies. The resulting assignments are listed in Table S7.

The subtle first absorption band at 968 nm is assigned to d-d
transition from SOMO to couples of d; orbitals, calculated at 1041
nm. The increase in absorption of the left end of the spectrum
shown in the inset seems to be a tailing of the absorption
calculated at 883 nm.

The second absorption band at 592 nm is attributed mainly to
LMCT at 514 nm from the 1 lone-pairs on the negatively charged
amide N atoms, amide(nr), to the ungerade couple of the empty
dr-orbitals, dmu, nearly degenerated to the SOMO. The edge in
the long wavelength contains small absorption arising from the
transitions from gerade couple of dr orbitals, dng, to ungerade
couple, dm, having a little portion of the *-1r transition on the N2
ligand.

The third shoulder absorption band at 432 nm is attributed to
the mixture of transitions from the dng orbitals to couples of ds
orbitals. Some LMCT features enhance the absorption due to the
" orbitals on the Nz ligand, N2(1m*), mixing into the hole orbitals.

Concerning the third absorption band with a peak at 348 nm,
there is no remarkable transition lower than 3.56 eV within +£0.4
eV, although five transitions calculated at 369 nm or below have
the oscillator strength of 0.01 or above. The transitions with a
large oscillator strength are calculated at 339, 330, 321, and 320
nm as LMCTs from the amide(n+) to the ds orbitals except for the
transition at 321 nm. The transition at 321 nm consists of various
electron configurations with almost the same weights owing to the
flexible electron density for anionic species. The main character
seems to be the transition from dng orbitals to do orbitals
accompanied by rehybridization to 4s orbitals, suggested by the
transitions to Rydberg orbitals with ‘almost the same amount,
which are a mixture of 4s and 4p orbitals on the V centers and 3s
and 3p orbitals on the Na*. It is probable that the Rydberg
character overestimates the oscillator strength of the transition,
and the calculated peak seems to be artificially high.

The fourth absorption band at 286 nm is mainly assigned to
MLCT from dng to N2(17*) orbitals calculated at 303 nm in addition
to the LMCTs calculated at 298, 289, 284, and 282 nm, like the
transitions constructing the third absorption band.

The orbitals related to the transitions are shown in Figure S17.
An excess electron coming from the one-electron reduction is
occupied on the dnw orbitals interacted with the N2(1) orbitals in
the antibonding manner. The resulting repulsive interaction
between the additional d+ electron and the r-electron density on
the N2 ligand is one reason for the weaker and longer V—N2
bonds than 1, and causes the reduction of the 1-back donation
as mentioned in detail later.
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Although the orbitals in 1 and 6 are almost equal to each other
both in energy and in shape, the degenerate HOMO and HOMO-
1in the neutral complex 1, which are constructed of the amide(nx)
orbitals, are stabilized with one-electron reduction, but the
degenerate HOMO-2 and HOMO-3, in which the dng and Nz(11*)
orbitals interact in the bonding manner, are destabilized. It is
considered that the stabilization of the amide(n~) orbitals is due to
the electrostatic interaction with Na*.

For further investigation for the effect of the reduction of the
complex 1, we applied the natural population analysis for the
complexes 1 and 6 (Table S8). In complex 6, the overlap-
weighted NAO bond orders of the V-N2 bonds, which were
decreased from 1.17 to 1.00 and 1.09 with one-electron reduction,
suggest a decrease in the bonding interaction, which leads to
destabilization of the dn- N2(11*) orbitals, as described above. The
spin densities on the V centers are 0.64 and 0.48, slightly
changing from equally distributed a-spin densities, 11.49 and
11.47, which are consistent with the SOMO structure having
substantial weights of both the dn orbitals (see Figure S18).
These results suggest that the vanadium centers in the complex
6 share excess electrons from the reduction. However, the
negative atomic charges on the N2 ligand are increased with one-
electron reduction, from -0.16 in 1 to -0.33 and -0.28 in 6,
respectively, and the positive charges on one of V centers are
increased from +0.58 in 1 to +0.67 in 6. It is considered that the
positive charge on the Na* ion bound to N2 ligand and amido
groups reduces the electron donation from these N atoms to the
vanadium centers, which increases the positive and negative
charges on the vanadium centers and the N atoms, respectively.
Both of the decreases in T-bonding interaction and c-electron
donation constructing the V-N2 bonds in 6 causes a large N-N
stretching frequency in consistent with the longer bond promoted
by the repulsive interaction between the negatively charged N
atoms.

Conclusions

In this study, we synthesized and characterized dinitrogen -
divanadium complexes with triamidoamine derivative ligands, 4
and 5, which were compared with the series of dinitrogen-
divanadium complexes with triamidoamine derivative ligands, 1,
2, and 3. X-ray structure analyses of 4 and 5 revealed that they
have a dimeric structure with a u-Nz ligand, and that the N-N bond
of 5 is slightly longer than that of 4. The structure and electronic
properties of 4 and 5 were very similar to those of 1, 2, and 3.
However, dinitrogen divanadium complexes supported with
benzyl derivatives on amido N atoms, 3, 4, and 5, were
electrochemically more stable than those substituted with alkyl
groups, 1 and 2. This electrochemical property led to the
difference in NHs yields from the protonation reactions of 1 - 5,
and these results showed that the NHs yields in 4 and 5 (191 %
for 4 and 341 % for 5) were higher than those in 1 - 3.

Additionally, we obtained the sodium adduct of 1 (6) from the
reaction of 1 with sodium metal. Its crystal structure analysis
revealed that 6 has a sodium ion, which is bridged with two amido
N atoms and strongly interacted with a p-N2 ligand in n?-bonding

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

type. Two vanadium atoms in 6 were in mixed valence state. DFT
calculations showed that excess electrons coming from the one-
electron reduction is occupied on the dm orbitals interacted with
the Nz(m) orbitals in the antibonding manner without drastic
changes in geometric and electronic structures. The resulting
repulsive interaction leads to the elongation of the V-N2 bonds,
and causes a decrease in the r-back donation from the vanadium
centers to the N2 ligand. Consequently, the one-electron
reduction of the divanadium dinitrogen complex 1 made the N-N
bond lengthened and the increase in the N-N stretching frequency
through the bound Na* made negative charge held on the N2
ligand.

We are currently attempting to clarify the detailed mechanisms
of protonation of bridging dinitrogen in vanadium systems and to
synthesize other ammonia-producing metal-dinitrogen complexes.

Experimental Section

All manipulations were carried out under an atmosphere of purified
dinitrogen gas in an mBRAUN MB 150B-G glovebox or by standard
Schlenk techniques.

Materials

Reagents and solvents employed were commercially available. All
anhydrous solvents were purchased from Wako Ltd., which were used
after bubbled with argon to degas. The ligand H3LB" was synthesized
according to the literature method.['® The complexes [{V(LB4)}2(u-N2)]] (1),
[{V(LE®BU)h(u-N2)]] (2), and [{V(LPr2Bn)lr(u-N2)]] (3) were synthesized
according to literature methods.['"]

Instrumentation

H, 13C, 5N, and ®'V NMR spectra were recorded on a JEOL JNM-
ECA500, or a JNM-ECA600 FT NMR spectrometer operating at 500 MHz
("H), at 125.77 MHz (*3C), 60.815 MHz ('°N), and at 131.56 MHz (*'V) in
CsDs or DMSO-ds at 298 K. 'H and '3C chemical shifts were referenced
using the residual protonated solvent resonance (CeDs: 7.16 ppm ('H) and
128.06 ppm (*3C), DMSO-ds: 2.50 ppm ('H)). "N and %'V NMR chemical
shifts were referenced externally using HCONHz (-266.712 ppm ('°N) and
VOCI3 (0.00 ppm (3'V)). Magnetic measurements (Evans method!'4l) were
estimated using the methyl proton peaks of the toluene. The sample was
dissolved in a CsDe/toluene mixed solvent (4/1, v/v), and a concentric
sealed capillary filled with toluene was added; multiple determinations are
listed as separated results. Electronic absorption spectra were recorded
on a JASCO V-570 spectrometer. FT-IR spectra were recorded on a
JASCO FT/IR-410 spectrophotometer.  X-band EPR spectra were
recorded on a JEOL RE-1X spectrometer as frozen solution at 77 K in a
quartz tube. Electrochemical measurements were performed in a
glovebox by using a Bioanalytical Systems (BAS) ALS/CH Instruments
Electrochemical Analyzer Model 600A, with a three-electrode system
consisting of a glassy-carbon working electrode, a Pt-wire counter
electrode, and an Ag/Ag* reference electrode. All measurements were
carried out a room temperature with a sweep rate of 50 mV s™! under Ar in
degassed distilled THF by using nBuNPFe (TBAP) as the supporting
electrolyte.  The electrochemical potentials were corrected by the
measurement of the ferrocene/ferrocenium {[Fe(CsHs)2]/[Fe(CsHs)2]*}
couple (E12 = 64mV, AE = 81 mV).

Resonance Raman Spectral Measurement
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Resonance Raman spectra were obtained using a liquid nitrogen cooled
CCD detector (model 7375-0001, Roper Scientific) attached to a 1 m single
polychromator (MC-100DG, Ritsu Oyo Kogaku) with a 1200 grooves/mm
holographic grating. An excitation wavelength of 355 nm was obtained by
a nanosecond optical parametric oscillator (NT242, EKSPLA) with 3 mW
power at the sample point. All measurements were performed with a
spinning cell at -30 "C. Raman shifts were calibrated with indene, and the
accuracy of the peak positions of the Raman bands was +1 cm™.

X-ray Crystallography Procedures

The X-ray intensity data for 4 was measured on Bruker AXS VENTURE
diffractometer equipped with X-ray generator Incoatec microfocus sealed
tube 1 xS and detector Bruker PHOTON 100. Monochromated Mo Ko
(0.71073 A) radiation was taken for incident X-ray beam. Absorption
correction was done by multi-scan method based on SADABS.['®]  The
structure was solved by ShelXT'7l and refined using the Bruker APEX3
Software Package.l''9 The data for 5 and 6 were measured on Rigaku
R-AXIS RAPID diffractometer using multi-layer mirror monochromated Mo
Ka (0.71075 A) radiation. Crystal data and experimental details are listed
in Table S1. These two structures were solved by direct methods
(SIR2008)1?% and expanded using Fourier techniques. The non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were refined using
the riding model. Neutral atom scattering factors were taken from Cromer
and Waber.[21' Anomalous dispersion effects were included in Fcac??; the
values for Df and Df” were those of Creagh and McAuley.?31 The values
for the mass attenuation coefficients are those of Creagh and Hubbell.[24
All calculations were performed using the CrystalStructurel2d
crystallographic software package except for refinement, which was
performed using SHELXL-97.261 CCDC-1954923 (4), 1954924 (5), and
1954925 (6) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Syntheses ligands and complexes:

Tris(4-methylbenzylaminoethyl)amine (HsLMeBr): The ligand HsLMeBn
was synthesized by the literature method using 4-methylbenzaldehyde in
place of benzaldehyde.l'dl And extraction solution was used diethyl ether
instead of hexane (yield 93%). FT-IR (ATR, v, (cm™)): 3283 (N-H), 3019
(aromatic C-H), 2918, 2808 (aliphatic C-H), 1449 (aromatic ring). 'H NMR
(500 MHz, CsDs, 298 K):  (ppm) 2.16 (s, 9H, Ar-CHs), 2.41 (t, 6H, NH-CH2-
CHz), 2.56 (t, 6H, NH-CH2>-CH2), 3.68 (s, 6H, CH»-Ar), 7.02 (d, 6H, 3, 5 -
H), 7.26 (d, 6H, 2,6 -H). "3C{'"H} NMR (125.77 MHz, CsDs, 298 K): 5 (ppm)
21.7, 48,2, 54,7, 55.2, 128.9, 129.0, 129.8, 136.7, 139.1.

[{VLB"}2(u-N2)] (4): A 20 mL Schlenk flask was charged with HaLB" (100
mg, 0.240 mmol) and diethyl ether (5.0 mL) and cooled to -78 °C under
nitrogen. n-Butyllithium (0.27 mL, 0.72 mmol, 2.6 M in hexane) was added
by syringe. After 15 min, the reaction mixture was warmed slowly to 25 °C
and was stirred for 1 h at room temperature. The reaction mixture was
then cooled to =78 °C, and was added to another Schlenk flask that was
put VCIsTHF3 (89.7 mg, 0.24 mmol) via cannula. The reaction mixture was
again warmed slowly to 25 °C and was stirred for overnight. The solvent
was removed in vacuo, and the residue was extracted with diethyl ether
(10 mL). The extract was filtered through Celite. The diethyl ether extract
was transferred to a 20 mL Schlenk flask and stored in a fridge at =35 °C
under nitrogen. [{VLB"}2(u-N2)] was obtained as dark green crystals (yield
53 mg, 46%). '"H NMR(500 MHz, CeDe, 298 K): & (ppm) 2.13 (t, 6H, NH-
CH2-CHz), 3.00 (t, 6H, NH-CH2-CHz), 5.26 (s, 6H, NH-CH2-Ph), 7.20 (t, 3H,
4 -H), 7.29 (t, 6H, 3,5 -H), 7.51 (d, 6H, 2,6 -H). "3C{'H} NMR (125.77 MHz,
CeDs, 298 K): & (ppm) 53.7, 56.6, 69.5, 126.9, 144.7. %'V NMR (131.56
MHz, CeDs, 298 K): d (ppm) —232. FT-IR (KBr, cm™'): 3076, 3056, 3019,
2894, 2849, 2808, 1599, 1490, 1448, 1431, 1351, 1341, 1330, 1308, 1263,
1243, 1189, 1136, 1116, 1084, 1052, 1023, 974, 924, 907, 887, 847, 797,
745, 700, 659, 642, 590, 553. EPR (THF/toluene, 77 K): silent.

[{VLB"}2(pu-15N2)] (4'): A 20 mL Schlenk flask was charged with HsL&" (100
mg, 0.240 mmol) and diethyl ether (5.0 mL) and cooled to -78 °C under

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

Ar. n-Butyllithium (0.27 mL, 0.72 mmol, 2.6 M in hexane) was added by
syringe. After 15 min, the reaction mixture was warmed slowly to 25 °C
and was stirred for 1 h at room temperature. The solvent was removed in
vacuo. Then, diethyl ether that was bubbled Ar gas was added and cooled
to =78 °C. The reaction mixture was added to another Schlenk flask that
was charged VCIsTHF3 (89.7 mg, 0.240 mmol) via cannula, and Ar was
replaced with '®Nz in the Schlenk flask. The reaction mixture was again
warmed slowly to 25 °C and was stirred for overnight. The reaction mixture
was filtered through Celite. The extract was transferred to a 20 mL
Schlenk flask and stored in a fridge at =35 °C under "5N2. '®N-labeled
[{VLB}2(u-N2)] was obtained as dark green crystals (yield 28 mg, 24%).
SN NMR(60.815 MHz, CeDs, 298 K): d(ppm) FT-IR (KBr, cm™): 779
(V(V="5N)).

[{VLMeB}y(u-N2)] (5): [{VLMeBna(u-N2)] was synthesized by the same
method as [{VLB"}2(u-N2)] using HsLMeE" in place of HaLB" (yield 65 mg
52%). 'H NMR (500 MHz, CeDs, 298 K): 3 (ppm) 2.11 (t, 6H, NH-CH-
CHa), 2.25 (s, 9H, Ar-CHa), 3.01 (t, 6H, NH-CH2-CH2), 5.25 (s, 6H, CHa-
Ar), 7.06 (d, 6H, 3,5 -H), 7.39 (d, 6H, 2,6 -H). '3C{'H} NMR (125.77 MHz,
CeDs, 298 K): d (ppm) 21.9, 53.6, 56.6, 69.2, 129.1, 129.6, 135.7, 141.9.
51/ NMR (131.56 MHz, CsDs, 298 K): 5(ppm) —229. FT-IR (KBr, cm™):
3091, 3041, 3013, 2996, 2959, 2896, 2851, 2816, 2791, 2661, 1509, 1442,
1375, 1347, 1323, 1306, 1285, 1235, 1189, 1172, 1140, 1131, 1110, 1062,
1054, 1038, 1019, 982, 961, 937, 918, 879, 846, 833, 816, 803, 790, 743,
704, 672, 663, 646, 628, 585. EPR (THF-toluene, 77 K): silent.

[{VLMeB},(u-15N2)] (5'): [{VLMeBa(u-15N2)] was synthesized in the same
manner as for [{VLE"}2(u-"5N2)] using HsLMeB" in place of HsLE" (yield 39 %).
15N NMR(60.815 MHz, CeDs, 298 K): & (ppm) 27.1. FT-IR (KBr, cm™"): 780
(V(V="2N)).

Na[{VLB4}2(u-N2)] (6): [{VLiB“}2(u-N2)] was synthesized by the literature
method.[" [{VLiB“}2(u-N2)] (10 mg, 0.013 mmol) was added pentane (6
mL) and was added finely cut metal sodium (1.5 mg, 0.066 mmol, 5 equiv.)
to the solution. Then, the mixture was vigorously stirred for overnight at
room temperature. The solution color was changed from dark green to
dark red. The reaction mixture was filtered through Celite. The dark red
crystals were obtained from the filtrate, which was cooled for 2 days at -30
°C (yield 5.2 mg, 50 %). FT-IR (KBr, cm™): 2948, 2864, 2793, 1457, 1446,
1377, 1362, 1339, 1289, 1282, 1252, 1112, 1108, 1051, 950, 918, 846,
806, 773, 749, 669, 652, 590, 521.

Na[{VLB}2(u-15N2)] (6"): [{VLiB'}2(u-"5N2)] was synthesized by the
literature method.[' Na[{VLB4}>(u-'°N2)] was synthesized with the same
method as Na[{VLBU},(u-N2) using [{VLiBU}2(u-"5N2)] in place of [{VLiB"}2(u-
N2)] under Ar (yield 43%). FT-IR (KBr, cm™): 812(v(V-"5N)).

Protonation of [{VLB"}2(u-N2)] with Reductant and Proton Source:

A 6.0 mL THF solution of the reductant (M[C1oHs] (M = Na, K)), prepared
freshly from alkali metal (1.06 mmol) and naphthalene (136 mg, 1.06
mmol) in a thick-walled glass bomb, was added to a 5.0 mL THF solution
of [{VLE"2(u-N2)] (10.0 mg (MW: 959.1 (dimer)). 1.04 x 1072 mmol) at
-78 °C, and the mixture was stirred for 1 h. The reaction mixture was
turned from deep green to greenish brown. A proton source (1.06 mmol)
was added to the vigorously stirred reaction mixture of 1 and the resultant
solution was warmed slowly to 25 °C. After the solution was stirred for 1
h at room temperature, the solvents were removed under reduced
pressure to give a white solid containing ammonium salts. The residue in
the Schlenk tube was washed by diethyl ether and then, extracted by H20
(10.0 mL). The solvents were evaporated and the residue was analyzed
by '"H NMR methods. The results are shown in Figure S11 and Table S4.

Quantification of ammonium salts was estimated by '"H NMR Spectroscopy.

The quantification of NH4* was carried out by the method reported by
Ashley and co-workers. '#NHs* was integrated relative to the vinylic
protons of 2,5-dimethylfuran, contained within a DMSO-ds capillary insert
(5 5.83, s, 2H), which was calibrated using a standard 1.00 x 1072 mM
solution of NH4Cl in DMSO-ds.

Computational Details

The method of all the electronic structure calculations in this work was the
same as the previous calculations for 1.['"l Density functional theory (DFT)
method was employed using the BP86 functionall?’*dl. The basis sets used
for the respective atoms were 6-311+G(d) for V[28abland Ni28.dl, 6-311G(d)
for Nal?8el, and 6-31G(d)®8%9] for C and H atoms. The geometry of 6 in the
S=1/2 state was optimized, which was suggested by the magnetic moment
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measured by the Evans method in this work. Frequency calculations were
calculated using the optimized structure located at a local minimum. The
resonance Raman scattering activities were calculated with the incident
light wavelength at 323 nm, which had the same energy difference from
the maximum of the calculated third absorption band at 316 nm as the
energy difference of the experimental incident laser, 355 nm, from the
observed third band at 348 nm. Time-dependent density functional theory
(TD-DFT) calculations?®! were performed to assign the absorption bands
of electronic transitions. We calculated natural transition orbitals (NTO)i30
for assignment to the orbital pairs of the transitions having no dominant
excitation. Atomic charges and spin densities, and overlap-weighted bond
orders for natural atomic orbitals (NAO) were computed by carrying out
natural population analysis.[®"l All of the electronic structure calculations
were performed using Gaussian 16, revision B.01,1%2 and the isosurfaces
of the molecular orbitals were drawn using the MOPLOT and MOVIEW
programsi®3 on the Fujitsu CX400 system at the Nagoya University
Information Technology Center. The spectra of normal Raman and UV-
vis spectra were calculated using SWizard software®¥ on a Windows XP
operating system.

Supporting Information (see footnote on the first page of this article): X-
ray, resonance Raman, NMR, CV, UV-vis data for 4, 5, and 6, results and
details of calculations, and yields of NHs* (PDF)
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Abstract: The reactions of newly designed lithiated triamidoamines LizLR (R =iPr, Pen, and Cy,) with
VCl3(THF)3; under N yielded dinitrogen—divanadium complexes with a pu-N, between vanadium
atoms [{V(LR)},(u-N»)] (R = iPr (1) and Pen (2)) for the former two, while not dinitrogen-divanadium
complexes but a mononuclear vanadium complex with a vacant site, [VILY?)] (R = Cys (3)), were
obtained for the third ligand. The V-Ny3 and N-N distances were 1.7655(18) and 1.219(4) A for1
and 1.7935(14) and 1.226(3) A for 2, respectively. The v(4N-14N) stretching vibrations of 1 and 2, as
measured using resonance Raman spectroscopy, were detected at 1436 and 1412 cm™, respectively.
Complex 3 reacted with potassium metal in the presence of 18-crown-6-ether under Nj to give a hetero-
dinuclear vanadium complex with p-N, between vanadium and potassium, [VK(LEY2)(1-N,)(18-
crown-6)] (4). The N=N distance and v(**N-14N) stretching for 4 were 1.152(3) A and 1818 cm™?,
respectively, suggesting that 4 is more activated than complexes 1 and 2. The complexes 1, 2, 3, and 4
reacted with HOTf and K[C;¢Hg] to give NH3 and NyHy. The yields of NH3 and NpHy (per V atom)
were 47 and 11% for 1, 38 and 16% for 2, 77 and 7% for 3, and 80 and 5% for 4, respectively, and 3 and
4, which have a ligand L2, showed higher reactivity than 1 and 2.

Keywords: dinitrogen complex; vanadium; bulky substituents; dinitrogen activation; steric effect;

triamidoamine ligand

1. Introduction

Dinitrogen activation using vanadium ions has been intensely investigated by bioinor-
ganic chemists and coordination chemists in order to understand the role of vanadium ions
as an important factor in vanadium nitrogenase enzymes [1-9]. Most of the dinitrogen—
vanadium complexes studied are dinuclear complexes with a p-Nj ligand in the end-
on mode [10]. On the other hand, mononuclear vanadium-dinitrogen complexes are
scarce [11-14]. It has also been previously reported that some dinitrogen—-vanadium
complexes produce ammonia and hydrazine [15-22]. Recently, dinitrogen—vanadium
complexes, which are supported with anionic pyrrole-based PNP-type pincer and ary-
loxy ligands, have been successfully used for catalytic dinitrogen reduction by a group
of Nishibayashi [20].

Triamidoamine (tris(2-amidoethyl)amine) ligands are very useful ligands that bind as
multidentate ligands when forming metal complexes, creating binding sites for external ligands
on the axis. Therefore, many complexes with the ligands have been investigated [14,21-43].
Schrock and co-workers reported the molybdenum complex with the triamidoamine ligand
with a very bulky substituent group, HIPT (3,5-(2,4,6-iPr3CcH3)2CgH3) [37]. This molybdenum
complex is the first example of catalytic ammonia production [38]. In this complex, the HIPT
group functioned to inhibit dimerization of the molybdenum center and provide a pocket for
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binding an external ligand, such as No, HNN, H,NN, NH, NH3, N, NO, THE, CO, S, Me3SiN,
and so on [14,37,39,40]. Additionally, they also argued that the N, ligand is protonated in
the distal pathway by steric hindrance of the HIPT group [39]. On the other hand, dinuclear
dinitrogen-molybdenum complexes with triamidoamine ligands have also been studied, but
the substituents of these triamidoamine ligands are smaller than HIPT, such as TMS, aryl, and
alkyl groups [21,22,41-44], and those with larger substituents have not been studied.

We have previously reported the syntheses and crystal structures of the dinitrogen—
divanadium complexes bearing a triamidoamine ligand with a secondary C atom on the
terminal N atom [{V(LR®)},(4-N3)] (R = iBu, EtBu, iPr,Bn, Bn, MeBn) and studied the conver-
sion of the bridging N, ligand to ammonia using these complexes in the presence of proton
sources (HOT{, [LutH](OTf)) and reductants (IM*[C19Hg]" M = K or Na) [21,22]. Further-
more, the crystal structure and protonation reaction of its Na* adduct (INa{V(LB%)},(1-Ny)])
were also studied (Figure 1) [22]. By introducing a secondary carbon atom on the terminal
nitrogen atom of the trimidoamine ligand, these dinitrogen complexes can easily form
dimer structures because the steric hindrance around the vanadium ion is smaller than
those modified with bulky silyl or aryl groups. Therefore, we considered it would be
possible to systematically investigate the structure and reactivity of mononuclear or dinu-
clear dinitrogen complexes using a series of triamidoamine ligands with different steric
hindrances. The space-filling models of previously reported divanadium-dinitrogen com-
plexes [{V(L®)}(u-N3)] (R = iBu and MeBn) are shown in Figure 1. In these complexes,
there is no space around the secondary carbon atom (red), suggesting that a tertiary carbon
atom was introduced on the terminal N atom to form a mononuclear vanadium—dinitrogen
complex. If mononuclear and dinuclear complexes can be synthesized using triamidoamine
ligands with the same backbone, meaningful comparisons can be made regarding their
structures and reactivities in dinitrogen activation.

Gy ok

Bu EBu

N R
Sl oo
N Bn MeBn  PrBn

R =1Bu R =MeBn

Figure 1. The structures of our previously reported divanadium-dinitrogen complexes [[{V(L®)},(u-

Ny)] (top) and space-filling models of two dinitrogen complexes V(LR (u-N»)] (R = iBu and
MeBn) (bottom). The hydrogen, nitrogen, and vanadium atoms are shown in white, blue, and green,
respectively. Secondary carbon atoms on the terminal N atoms are red, and the other carbon atoms
are gray.
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In this study, three vanadium complexes with a series of triamidoamine ligands bear-
ing bulky substituents were synthesized under N; atmosphere, and the characterizations,
crystal structures, and protonation reactivities of the obtained complexes were investigated,
compared, and discussed with those previously reported.

2. Results and Discussion
2.1. Syntheses of Ligands and Their Vanadium Complexes 1,2, and 3

Three types of tren derivatives H3L® (R = iPr (tris(2-isopropylaminoethyl)amine, HzLFr), Pen
(tris(2-(3-pentylamino)ethyl)amine, HzLPe?), and Cy; (tris(2-dicyclohexylmethylaminoethyl)amine,
H;LCY2)) were prepared using previously reported methods [21,22]. H3Li'* and H3LPe"
were obtained as light-yellow oil and H3LY? as colorless crystals, which were characterized
using "H NMR, '3C NMR, and IR spectroscopic methods. The H3LR was deprotonated and
used as a triamidoamine ligand for the synthesis of dinitrogen complexes.

The reactions of lithiated triamidoamines LisLR (R = iPr, Pen, and Cy,) with VCI3(THF)3
at room temperature under N, produced dinitrogen—divanadium complexes [{V(LR)}Z(V—NZ)]
(R=1iPr (1) and Pen (2)) for the former two. On the other hand, for the third ligand, a mononu-
clear vanadium complex [V(LEY?)] (3) was obtained instead of a dinitrogen—divanadium
complex (Scheme 1). When all complex solutions were left at room temperature for several
days, single crystals of complexes 1 and 3 were obtained as dark green crystals, and that
of complex 2 was observed as dark purple crystals. These complexes were stable at low
temperature under N, atmosphere but decomposed under air atmosphere.

Y ’ A
R H \pﬂ . /;l N N/§
\/\N/\/ n-BuLi ( \ Y |
VCI;THF3 N——-V=N=NT-/V\—N
_—
R in Et,0 N7\ N_N l
LRy
HN R RR R RE R
\Rr R = Me (1), Et (2)
Cy\(Cy
Cy H A~_NH Cy, Cy
\( ~"n n-BuLi CVA\ o
&y H VCISTHF, Cy7\N\ ;
—_— V/
in THF of OV J
N

HNYCy ~
Cy

Scheme 1. Syntheses of 1, 2, and 3.

2.2. Crystal Structures of 1 and 2

The crystal structures of 1 and 2 are shown in Figure 2, and the crystal parameters are
listed together in Tables 1 and S1. Complexes 1 and 2 were expected to be mononuclear
vanadium complexes because of their bulky substituents, but they turned out to be dinu-
clear vanadium complexes with bridging dinitrogen in the end-on mode. The coordination
geometries around the vanadium centers in 1 and 2 are a nearly undistorted triangular
bipyramid (7 = 1.0 and 1.0, respectively) (Figure 2), where 1 is a perfect trigonal bipyrami-
dal geometry, 0 is a perfect square pyramidal geometry [45]. The N-N bond lengths for 1
and 2 are 1.219(4) and 1.226(3) A, respectively, and that of complex 2 are slightly longer
than those of 1 and the previously reported divanadium-dinitrogen complexes [21,22]. The
bond lengths around the vanadium center in 2 (V=N (1.7935(14) A), V-N,mido (1.9276(16),
1.9284(16), 1.9234(16) A), and V-N,mine (2.1854(16) A)) are also more elongated than those
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of 1 (V=N (1.7647(18) A), V-N,mido (1.896(2), 1.9123(14), 1.9123(14) A), and V-Nmine
(2.173(2) A)). This may also be due to the greater steric repulsion between the alkyl sub-
stituents on the N atoms of the triamidoamine ligand in 2 than in 1. Comparing the
space-filling model of 2 with that of 1, it is obvious that the pentyl group in 2 surrounds the
vanadium center more than the isopropyl group in 1 (Figure 3). Thus, it appears that all
bond lengths are extended to maintain the dimeric structure, overcoming the pull away to
the mononuclear vanadium complex. In fact, the VeeeV distances and the distances of the
vanadium ion from the plane decided by three Nypiq, atoms are 4.7482(8) and 0.3055(12) A
for 1 and 4.8128(7) and 0.3495(10) A for 2, respectively, making them longer for complex 2
than for complex 1. This finding appears to be due to the strong attraction of vanadium
ions in complex 2 to the p-Nj ligand.

@
\\/ / N3i
$
LT i ge
N4 ) T HEZ !
‘. ‘.‘ H8'" 7 Ng' (el
(“ e = —%
v %“2)—@ \

\ ] vii 1% 3\
N5 § 4\>\/\J i; N2'! ! \1 /J
@ i~ i \ {0

(\ Q H6{5 / N4ii

AN ()
%

Figure 2. X-ray structures of 1 (left) and 2 (right) with the atom numbering scheme (50% probability
thermal ellipsoids). Hydrogen atoms except for the hydrogen on the methine carbons and disordered
atoms are omitted for clarity. The atoms with superscripts i, ii, and iii in structure of 1 are related to
the atoms without them by symmetry operations (x, 1 — —-z),(1- -y, 1—-2z),and (x,1—y,
— z), respectively. The atoms with and without superscnpt iin the structure of 2 are related to each
other by symmetry operation (1/2 — x,3/2 —y, 1 — z).

Table 1. Selected bond lengths (A) and angles (deg) for 1 and 2.

1 [al
V1-N2 1.7647(18) V1-N3 1.896(2) V1-N4 1.9123(14)
V1-N4i 1.9123(14) V1-N5 2.173(2) N2-N2! 1.219(4)
VeeoVi 4.7482(8) - - - -
N2-V1-N5 178.98(9) N2i-N2-V1 178.1(3) N2-V1-N3 98.08(9)
N2-V1-N4 99.78(5) N2-V1-N4! 99.78(5) N3-V1-N4 116.68(5)
N3-V1-N4i 116.68(5) N4-V1-N4! 119.08(10) - -
2 [b]
V1-N2 1.7935(14) V1-N3 1.9276(16) V1-N4 1.9284(16)
V1-N5 1.9234(16) V1-N6 2.1854(16) N2-N2i 1.226(3)
VeeoVi 4.8128 (7) - - - -
N2-V1-N3 101.91(7) N2-V1-N4 100.01(7) N2-V1-N5 99.43(6)
N2-V1-N6 177.75(7) N3-V1-N4 116.88(7) N3-V1-N5 116.43(7)
N3-V1-N6 80.34(6) N4-V1-N5 117.04(7) N4-V1-N6 78.74(6)
N5-V1-N6 79.57(6) N2i-N2-V1 177.80(19) - -

[al The atoms with and without superscript i in structure of 1 are related to each other by symmetry operation (x,
1 —y,1— z). [Pl The atoms with and without superscript i in structure of 2 are related to each other by symmetry
operation (1/2 —x,3/2 -y, 1 — z).
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1

Figure 3. Ball and stick (top) and space-filling models (bottom) of 1 (left side) and 2 (right side).

The u-Nj ligands in 1 and 2 are stabilized by hydrogen bonding interactions between
the N ligand and the methine hydrogen atoms on the N atoms (CHeeeNy; = av. 2.488 A
for 1, av. 2.611 A for 2). This interaction may also contribute to the formation of dimer
structures.

2.3. Crystal Structure of 3

The crystal structure of complex 3 is shown in Figure 4, and the crystal parameters are
listed in Table 2 and Table S1, respectively. Complex 3, unlike 1 and 2, was a mononuclear
vanadium complex with no dinitrogen coordination. The geometry around the vanadium
center is a trigonal pyramid, with a vacancy on the opposite side of Napine (N5) in [LEY2]3-,
The V1-N3 (1.9433(12) A) and V1-N4 bonds (1.9593(12) A) are longer than the V1-N2
bond (1.9281(13) A) because the steric repulsions between the cyclohexane rings of the
dicyclohexylmethyl group on the N2 atom and those on the N3 and N4 atoms are weakened
by the overhang of those on the N2 atom attached to the V center. The averaged V-Nymido
bond length in 3 (1.9436 A) is longer than that of the related triamidoamine-vanadium
complex, [V(tBuMe;SiN)3N] (V-Namido = 1.930(av.) A) [26]. This fact indicates that the
dicyclohexylmethyl group of 3 leads greater steric repulsion than the tBuMe,Si group.

oIS
,_ LS 7
f{\ \Y\ ,/ 7 \?) O
( Q) =
NN ¥ Q2N v/
S e I
3

Figure 4. Side (left) and top (right) views of X-ray structure of 3 with the numbering scheme (50%
probability thermal ellipsoids). Hydrogen atoms were omitted for clarity.
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Table 2. Selected bond lengths (A) and angles (deg) for 3 and 4.

3
V1-N2 1.9281 (13) V1-N3 1.9433 (12) V1-N4 1.9593 (12)
V1-N5 2.0687 (13) - - - -

N2-V1-N3 119.11 (6) N2-V1-N4 118.23 (5) N2-V1-N5 84.13 (5)

N3-V1-N4 119.29 (5) N3-V1-N5 83.35 (5) N4-V1-N5 84.17 (5)

4
V1-N3 1.853 (3) V1-N5 1.965 (2) V1-N6 1.960 (2)
V1-N7 1.955 (2) V1-N8 2172 (2) N3-N4 1.152 (3)
N4-K2 2.648 (3) - - - -

N8-V1-N3 179.07 (10) V1-N3-N4 179.08 (3) N3-N4-K2 1733 (2)

N5-V1-N6 118.34 (10) N6-V1-N7 118.80 (10) N7-V1-N5 116.46 (10)

N5-V1-N8 81.59 (9) N6-V1-N8 81.40 (10) N7-V1-N8 81.59 (9)

2.4. Synthesis and Crystal Structure of 4

The crystal structure of 3 shows that there is an open site on the vanadium ion.
Therefore, we attempted to synthesize the N, adduct by reacting 3 with potassium metal
under N in the presence of 18-crown-6-ether (Scheme 2). Fortunately, a single crystal of
the N, adduct (4) was obtained as green crystals using recrystallization from THF /hexane
at —35 °C. Complex 4 gradually decomposed at room temperature even under inert gas
(N> or Ar).

THF
o— . 3
Cy Cy :0>/K<Oj
y Cy K metal Cy m cy
Cy N v—N 18-crown-6-ether Cy’A\ N oy
cy N™ > Cy N_ N

in THF V—
N™
—N under N cy ¢ | \)
& 2 '

Scheme 2. Synthesis of 4.

The crystal structure of 4 is shown in Figure 5, and the crystal parameters are listed in
Table 2 and Table S1, respectively. Complex 4 had a bridging dinitrogen ligand between
the vanadium(II) ion and potassium ion in the end-on mode, the coordination geometry
around the vanadium center was trigonal bipyramidal, and the THF molecule coordinated
to the potassium ion from the opposite side of the N, ligand. The N-N and V-Ny;; bond
lengths of 4 are 1.152 (3) and 1.853 (3) A, respectively. The average of three V-N,;q, bond
lengths was found to be 1.960 A, which is more elongated than those of 3 (1.9436 (av.) A).
This is thought to be due to the increased steric repulsion between the dicyclohexylmethyl
groups as a result of the increased ionic radius of the vanadium ion due to the reduction in
V(II) to V(II) and the incorporation of the N ligand in the axial position. The N ligand of
4 was also stabilized by hydrogen bonding interactions between the methine proton and
the N3 atom of dinitrogen (CHeeeN3(N;) = av. 2.596 A). The distance between the mean
plane decided by three N,pi40 atoms and the vanadium ion (V1 atom) was 0.2888(14) A,
which is smaller than those of 1 and 2. The space-filling model of 4 is shown in Figure 5
(right). It is clear from this figure that the dicyclohexylmethyl group surrounds not only
the a-nitrogen but also the -nitrogen, suggesting that the dinitrogen-vanadium complex
with [L€Y2]3 ligand is too large to form a dimer structure.
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Figure 5. (Left) X-ray structure of 4 with the atom numbering scheme (50% probability thermal
ellipsoids). The hydrogen atoms, except for the hydrogen on the methine carbons neighboring
on the terminal N atoms of the triamidoamine ligand, disordered atoms, and crystal solvates are
omitted for clarity. (Right) Side view of space-filling model of 4. The hydrogen atoms of THF and
18-crown-6-ether are omitted, and the potassium ion, 18-crown-6-ether, and THF are shown in ball
and stick model for clarity (C, H, N, O, K, and V are shown in gray, white, blue, red, pink, and green
colors, respectively).

2.5. Raman and Infrared Spectra of 1, 2, and 4

The v(**N-14N) stretching vibrations of 1 and 2 were detected at 1436 and 1412 cm™!
using resonance Raman spectroscopic measurements, respectively (Figures S1 and S2).
15N-labeled 1 (1’) and 2 (2/) were both split by a Fermi doublet to show peaks at 1399,
1337 cm™ and 1380, 1335 cm™, respectively. The v(V-14N) stretching vibrations of 1 and 2
were observed at 796 and 728 cm™ from the IR spectra, respectively (Figures S3 and S4).
The v(**N-1*N) and v(V-1*N) values of 1 are larger than those of 2, which are in good
agreement with the N-IN and V-Np2 bond lengths trends for 1 and 2. However, these
v(**N-14N) values are larger than those of previously reported divanadium-dinitrogen
complexes (1394-1402 cm™~!), even though 1 and 2 have longer N-N bonds than those of
previously reported divanadium-dinitrogen complexes (1.200 (5)-1.226 (3) A) [21,22]. Such
inversions in bond lengths and vibrational spectra are sometimes observed in the activation
chemistry of dinitrogen with transition metals [46].

In the IR spectral measurements, the v(1*N-14N) peaks for 4 were observed as two
bands at 1830 and 1818 cm™, which were shifted to 1768 and 1759 cm™ when °N, was
used in the place of "*N, (Figure S5). The IR bands at 1830 and 1768 cm ™! were assigned as
overtones of the 910 and 885 cm !, respectively. When °N-labeled 4 (4’) was dissolved
in THF at room temperature and recrystallized under N, the v(*N-14N) stretching
vibration was observed. This means that the N ligand of 4 is easily exchanged in THF
because of the weak V-Nyp; bond.

2.6. 'H-, °N-, and °'V-NMR Spectra

'H NMR spectra of 1 and 2 exhibited sharp peaks in the diamagnetic region, as shown
in Figures S6 and S7, respectively. The methine peak of 2 (4.77 ppm) was observed in a
higher magnetic field region than that of 1 (5.27 ppm). >N NMR spectra of 1 and 2 with 1°N-
labeled N, were detected at 25.2 and 41.6 ppm (Figures S8 and S9), and >’V NMR spectra
of 1 and 2 were observed at —211 and —47.6 ppm, respectively (Figures S10 and S11). The
peaks of 2 were both observed in a lower magnetic field region than those in 1 and our
previously reported divanadium-dinitrogen complexes (>N NMR: 25.2-33.4 ppm, >1V
NMR: —240.2—143.8 ppm) [21,22]. These findings indicate that the electron densities on
the N atoms of dinitrogen and the V atom in 2 are lower than those of complex 1 and the
previously reported divanadium-dinitrogen complexes because the electron donation from
Namido atoms to the V atom in 2 was smaller than those complexes. These facts correspond
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well with the result that the V-N ;40 bond length is the longest among the dinuclear
vanadium-dinitrogen complexes with triamidoamine ligands reported so far [21,22], due
to the large steric repulsion between the pentyl groups. On the other hand, the 'H NMR
spectrum of 3 gave a broadened paramagnetic peak at 915 ppm in the lower magnetic
field region (Figure S12) and that of 4 showed broad peaks at 10.2, 3.28, 0.32, 0.08, —0.28,
—0.75, —0.95, —1.63, —15.2, and —30.5 ppm in the diamagnetic to higher magnetic field
region (Figure S13). The spectrum of 4 includes not only 4 but also solvents (n-hexane,
THF) and a free ligand, H3L©Y? (Figure S14). It is thought that the free ligand was probably
produced by the decomposition of 4 due to its low thermal stability at room temperature.
Unfortunately, we were unable to characterize the products containing vanadium(II) ions
produced in the decomposition of 4. The effective magnetic moment () of 3 was 2.73p
at 298 K as determined by Evans’s NMR solution method [47,48], which indicates that the
spin state of 3 is S = 1. Similarly, p.¢ of 4 was estimated to be 1.76up at 298 K, indicating that
the spin state of 4is S = 1/2. These spin states correspond well with the structural findings
that complex 3 is a mononuclear vanadium(Ill) complex with a vacant site, [V(LSY?)], and
complex 4 is a hetero-dinuclear vanadium(Il) complex with y-N, between vanadium and
potassium, [VK(LSY?)(4-N)(18-crown-6)].

2.7. Protonation of 1-4 in the Presence of Reductants

Protonation of 1, 2, 3, and 4 was carried out with a reductant M[CgHg] (M = Na*
or K*)) and an acid (HOTf) in THF at —78 °C. The previously reported protonation of
the dinuclear vanadium-dinitrogen complexes produced only ammonia, while 1, 2, 3,
and 4 produced both ammonia and hydrazine [21,22]. The yields of NH3 and NyHy4
were estimated from the peak intensities of NHy* using 'H NMR (7.04 ppm) and using
the p-dimethylaminobenzaldehyde method using UV-vis spectra (458 nm), respectively
(Figures S15 and S16). When using K[C1poHg] as a reductant, the yields of NH3 and NyHy
were 47 and 11% for 1, 38 and 16% for 2, 78 and 7% for 3, and 80 and 5% for 4 (per V
atom), respectively (Tables 3 and S2). Their yields were higher than when using Na[C;oHg].
Thus, the results suggest that the yield of products is dependent on the kind of alkali metal
ions. The yield of NHj for 2 was less than that of 1, and the yield of NoH, was higher
than that of 1. The result that the V-Ny;; bond length is longer in 2 than in 1 suggests that
mononuclear vanadium species are more likely to form from the vanadium-dinitrogen
complex because the steric repulsion of substituents is greater in 2 than in 1. Therefore,
the intermediates of the protonation reaction were estimated to be a hetero-dinuclear Na*-
/K*-V(u-Ny) complex, as in 4. The yield with K[C19Hg] as the reducing agent was higher
than that with Na[C;oHg], suggesting that potassium ions bound to N, ligands are more
readily exchanged to protons than sodium ions. We have recently found and reported
similar behavior in the triamidoamine-chromium-dinitrogen system [49].

Table 3. Quantification of ammonia and hydrazine produced from the reactions of 1-4 with reductants
and proton sources [,

Yield ™! /%
Entry Complex Reductant groton ield ! /%
ource NH3 Icl N2H4 Icl
1 Na[Clng] 8 0.4
2 1 K[C10Hg] HOT! 47 11
3 Na[Clng] 5 11
4 2 K[C1oHs] HOTf 38 16
5 Na[Clng] 7 n.d.
6 : K[CyoHg] HOTt 77 7
7 4 K[CyoHg] HOTS 80 5

lal A1l reactions were carried out in THF at —78 °C under Nj. [?! Yields are given for a vanadium ion, and these
values are an average of three trials. [l Yields of NH;3 and N, Hj were determined by TH NMR measurement and
p-dimethylaminobenzaldehyde method. Concentration: 6.7 x 1073 M for this work.
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On the other hand, the yields of the protonation products of 3 and 4 were higher than
those of 1 and 2, and the yield of NoHy was less than one tenth of that of NH3. This result
suggests that protonation of mononuclear dinitrogen complexes gives higher yields of
protonated products than dinuclear dinitrogen complexes and that the dicyclohexylmethyl
groups in 3 or 4 surround the N atom of the N ligand, protecting it from proton attack
and preventing the formation of NoHy (Figure 5 right).

These findings suggest that the alkyl substituents on the secondary carbon atoms
adjacent to the terminal N atom of triamidoamine stabilize the dimer structure, while the
substituents on the tertiary carbon atoms destabilize the dimer structure or stabilize the
monomer structure. These results also suggest that hetero-dinuclear dinitrogen complexes
consisting of vanadium(Il), alkali metal ions, and bridging N, ligands are formed as
intermediates in the protonation reactions of vanadium complexes 1, 2, and 3. It was also
found that hetero-dinuclear complexes produce both NH3 and NoHy, while the divanadium
complexes produce only NHj.

3. Materials and Methods
3.1. General Procedures

All manipulations were carried out under an inert N, or Ar atmosphere using ei-
ther a vacuum and N,/Ar gas manifold, or a MBraun MB 150B-G glovebox (N;/Ar).
Reagents and solvents employed were commercially available. All anhydrous solvents
were purchased from Wako Ltd. and were bubbled with argon to degas. The ligand tris(2-
isopropylaminoethyl)amine (H3 L") was synthesized according to the literature methods [28].

3.2. Physical Measurements

IH-, 13C-, >N, and >'V-NMR spectra were recorded on a JEOL JNM-ECAS500, or
a JNM-ECA600 FT NMR spectrometer operating at 500 MHz (H), at 125.77 MHz (13C)
in CgDg or DMSO-dg at 298 K. 'H and 3C chemical shifts were referenced using resid-
ual protonated solvent resonance (CgDg: 7.16 ppm (*H) and 128.06 ppm (13C), DMSO-
de: 2.50 ppm (‘H)). N and 5!V NMR chemical shifts were externally referenced using
HCONH; (—266.712 ppm (15N)) and VOCI; (0.00 ppm (°1V)). Electronic absorption spectra
were recorded on a JASCO V-770 spectrophotometer. FI-IR spectra were taken on an Agi-
lent Cary 630 FTIR spectrophotometer. A resonance Raman spectroscopy was performed
using a JASCO NRS-3300 spectrometer with 532 nm-wavelength Nd:YAG excitation source.

3.3. X-ray Crystallography Procedures

The data for 1, 2, and 3 were measured on Rigaku R-AXIS RAPID diffractometer
using multi-layer mirror monochromated Mo K« (A = 0.71073 A) radiation. The data for
4 were measured on Rigaku R-AXIS RAPID II diffractometer using multi-layer mirror
monochromated Cu Kot (A = 1.54178 A) radiation. Crystal data and experimental details are
listed in Table S1. The calculations were performed with the Olex2 software package [50].
All structures were solved using ShelXT [51] structure solution program using the intrinsic
phasing method, and the other atoms were found in subsequent Fourier maps. The struc-
tures were refined with ShelXL [52] using least squares minimization. All non-hydrogen
atoms were anisotropically refined, unless otherwise stated. The hydrogen atoms were
placed at their idealized positions, and the riding model was assumed, unless otherwise
stated. CCDC-1970392 (1), 2167309 (2), 2167311 (3), 2167310 (4) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif,
accessed on 22 August 2022.

3.4. Synthesis of Tris(2-(3-pentylamino)ethyl)amine (HsLPen)

Tris(2-aminoethyl)amine (14.6 g, 0.10 mol) was added to excess 3-pentanone (100 mL)
and refluxed with a Dean-Stark trap overnight. The excess 3-pentanone was removed by
evaporation. The mixture was cooled to 0 °C, and MeOH (50.0 mL) was added. Sodium
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borohydride (11.7 g, 0.31 mol) was added, and the mixture was stirred overnight at R.T.
Sodium hydroxide (12.3 g, 0.31 mol) in water (100 mL) was added, and the aqueous layer
was extracted 3 times by Et;O (100 mL). The organic layer was dried over NapSOy4 and the
solvent was removed by evaporation. The mixture was distilled to give a light-yellow oil
(vield 33.1 g, 93%). 'H NMR (500 MHz, C¢Ds, 298 K): § (ppm) 0.950 (t, 18H, —-CH3), 1.45
(quin, 12H, CH-CH,-CH3), 2.37 (quin, 3H, CH-(CH,CH3s),), 2.50 (t, 6H, NH-CH,—-CH>),
2.62 (t, 6H, NH-CH,~CH>). *C{'H} NMR (125.77 MHz, C¢Ds, 298 K): § (ppm) 10.18, 26.53,
45.34, 55.13, 60.64.

3.5. Synthesis of Tris(2-dicyclohexylmethylaminoethyl)amine (H3LCY?)

Tris(2-aminoethyl)amine (14.6 g, 0.10 mol) was added to dicyclohexyl ketone (77.6 g,
0.40 mol) in toluene (100 mL) and refluxed with a Dean—Stark trap for 2 days. The excess
dicyclohexyl ketone was removed in vacuo. The mixture was cooled to 0 °C, and MeOH
(50.0 mL) was added. Sodium borohydride (11.7 g, 0.31 mol) was added, and the mixture
was stirred overnight at R.T. Sodium hydroxide (12.3 g, 0.31 mol) in water (100 mL) was
added, and the aqueous layer was extracted 3 times by Et,O (100 mL). The organic layer
was dried over Nay;SOy, and the solvent was removed by evaporation. The mixture MeOH
(100 mL) and hexane (10 mL) was added and stored at —30 °C. The white solid was filtered
and washed using solvent (2-propanol:hexane = 10:1). The white solid was resolved using
CHCls. Recrystallization was done by standing still in R.T. and white crystals were obtained
(yield 43.5 g, 64%). "H NMR (500 MHz, C4Dg, 298 K): § (ppm) 1.12-2.02 (m, 69H, Cy,-CH-),
2.62 (t, 6H, NH-CH,-CH5), 2.82 (t, 6H, NH-CH,—-CH,). 3C{’H} NMR (125.77 MHz, C¢Ds,
298 K): 6 (ppm) 27.23,27.32, 27.38, 29.11, 31.81, 41.42, 50.68, 56.46, 68.90.

3.6. Synthesis Of[{V(LiPr)}z(;l—MNz)] 1)

A 20 mL Schlenk flask was charged with H3Li" (1.0 g, 3.7 mmol) and diethyl ether
(4.00 mL) and cooled to —78 °C under nitrogen (*4Nj). n-butyllithium (4.2 mL, 11.0 mmol,
2.6 M in hexane) was added using a syringe. After 15 min, the reaction mixture was
slowly warmed to 25 °C and was stirred for 1 h at room temperature. The reaction mixture
was then cooled to —78 °C and VCI3THF; (1.4 g, 3.7 mmol) was added via cannula to
another Schlenk flask. The reaction mixture was again slowly warmed to 25 °C and was
stirred overnight. The solvent was removed in vacuo, and the residue was extracted with
diethyl ether (6 mL). The extract was filtered through Celite. The diethyl ether extract was
transferred to a 20 mL Schlenk flask and stored in a fridge at —35 °C. [{VLiPr}z(y—Nz)] was
obtained as dark green crystals (yield 0.57 g, 46%). 'H NMR (500 MHz, C4Dg, 298 K): 6
(ppm) 1.44 (d, 36H, -CH3), 2.40 (t, 12H, NH-CH,-CH,), 3.29 (t, 12H, N-CH,-CHy), 5.27
(sep, 6H, CH-(CH3),), 3C{'H} NMR (125.77 MHz, C¢Ds, 298 K): 6 (ppm) 23.46, 48.22, 53.11,
60.84, >V NMR (131.56 MHz, C4Dg, 298 K): § (ppm) —211.1. FT IR (ATR, cm™): 2957, 2916,
2892, 2851, 2788, 2652, 1457, 1438, 1380, 1364, 1347, 1332, 1328, 1282, 1259, 1239, 1202, 1155,
1129, 1099, 1077, 1056, 1028, 1002, 967, 939, 905, 862, 840, 818, 796, 789, 747, 618, 592, 572,
549, 495, 469.

3.7. [{V(LIP) ) (u-1"N5)1 (1)

Complex 1’ was synthesized using the same method as complex 1 using °N, instead
of *N,. Complex 1’ was obtained as dark green crystals (yield 0.29 g, 24%). >'N-NMR
(60.815 MHz, C4Dg, 298 K): & (ppm) 25.22. FT-IR (KBr, cm™): 779 (v(V-1°N)).

3.8. Synthesis of [{V(LFe™)}, (ﬂ—MNz)] (2)

Complex 2 was synthesized using the same method as complex 1 using H3LP*" instead
of H3LiP*. Complex 2 was obtained as purple crystals (yield 1.1 g, 89%). 'H NMR (500 MHz,
c6Dg, 298 K): § (ppm) 1.15 (t, 36H, —-CH3), 1.74 (quin, 24H, CH-CH,—CH3), 2.37 (t, 12H,
N-CH,-CH,), 3.20 (t, 6H, N-CH,~CHy), 4.77 (quin, 6H, CH-(CH,CHj3),). *C{'H} NMR
(125.77 MHz, C¢Dy, 298 K): § (ppm) 12.51, 27.71, 48.57, 53.05, 71.52. 51V NMR (131.56 MHz,
CgDg, 298 K): 6 (ppm) —47.55. FT IR (ATR, cm™): 2955, 2920, 2892, 2870, 2845, 2788, 1444,
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1371, 1341, 1330, 1280, 1259, 1237, 1205, 1144, 1127, 1107, 1047, 1026, 993, 952, 905, 898, 866,
857,834, 827, 812, 758, 728, 663, 642, 590, 559, 549, 572, 549, 527, 519, 486.

3.9. Synthesis of [{V(LP™) [, (u-1°N,)] (2/)

Complex 2’ was synthesized using the same method as complex 2 using '°Nj instead
of 1N,. Complex 2’ was obtained as purple crystals (yield 0.49 g, 41%). >N NMR
(60.815 MHz, CsDg, 298 K): & (ppm) 41.59. FT IR (ATR, cm™): 715 (v(V-15N)).

3.10. Synthesis of [V(LSY?)] (3)

The complex 3 was synthesized using the same method as complex 1 using H3 L2
in place of H3LiP*. THF for reaction solvent and hexane for recrystallization were used
instead of diethyl ether (yield 0.79 g, 74%). FT IR (ATR, cm™1): 2955, 2920, 2892, 2870, 2845,
2788, 1444, 1371, 1341, 1330, 1280, 1259, 1237, 1205, 1144, 1127, 1107, 1047, 1026, 993, 952,
905, 898, 866, 857, 834, 827, 812, 758, 728, 663, 642, 590, 559, 549, 572, 549, 527, 519, 486.

3.11. Synthesis of [VK(LY?)(u-4N,)(18-crown-6)] (4)

A 15 mL vial was inserted with complex 3 (0.20 g, 0.27 mmol) and THF (6 mL) under
nitrogen gas. A quantity of K metals (0.11 g, 2.7 mmol, 10 eq.) was added to the solution,
and the solution was stirred at R.T. overnight. The mixture was filtered through Celite, and
the filtrate was added 18-crown-6-ether (79.8 mg, 0.30 mmol) in THF (1 mL). The mixture
was stirred at R.T. for 1 min. Hexane (6 mL) was slowly added to the reaction mixture.
Recrystallization of the complex 4 at —35 °C yielded a green crystal (0.13 mg, 39%). FT IR
(ATR, cm™): 1830, 1818 (v(**N-14N)).

3.12. Synthesis of[VK(LCYZ)(y—wNZ)(I8—crown—6)] 4')

Complex 4’ was synthesized using the same method as complex 4 using 1°Nj instead
of 1*N,. Complex 4’ was obtained as green crystals (60.2 mg, 18%). FT IR (ATR, cm™):
1768, 1759 (v(1°N-15N)).

3.13. Protonation of 1, 2, 3, and 4 with Reductant and Proton Source

A 6 mL THF solution of the reductant (M[CpHg] (M = Na, K)), freshly prepared from
alkali metal (1.1 mmol, 80 eq.) and naphthalene (0.15 mg, 1.1 mmol, 80 eq.) in a thick-walled
glass bomb, was added to a 5 mL THF solution of 1 (10.0 mg, 1.5 x 10~2 mmol) at -78 °C,
and the mixture was stirred for 1 h under N;. The reaction mixture turned from deep green
to greenish brown. HOTf (0.17 g, 1.1 mmol) was added to the vigorously stirred reaction
mixture of 1, and the resultant solution was slowly warmed to 25 °C. After the solution was
attired for 1 h at room temperature, the solvents were removed under reduced pressure to
give a white solid containing ammonium and hydrazinium salts. The residue in the Schlenk
tube was washed using diethyl ether and then, extracted using H,O (10 mL), and solvents
of an aliquot (5 mL) of this solution were evaporated. The residue was analyzed using 'H
NMR methods (for NH3). The other aliquot reacted with p-dimethylaminobenzaldehyde
(fOI’ N2H4).

3.14. NH3 Quantification Procedure

Quantification of ammonium salts was estimated using 'H NMR spectroscopy. The
quantification of NHy* was carried out using the method reported by Ashley and co-
workers [53]. ¥NH4* was integrated relative to the vinylic protons of 2,5-dimethylfuran,
contained within a DMSO-d, capillary insert (6:5.83, s, 2H), which was calibrated using a
standard 5.2 x 1072 M solution of NHy* in DMSO-dg (Figure S15 and Table S2).

3.15. N»Hy Quantification Procedure

The quantification of NoHs* was carried out using the method reported by Ashley and co-
workers [53]. The aliquots were analyzed for N,H, via UV-vis spectroscopy using a standard
spectrophotometric method, which reacted with an acidic p-dimethylaminobenzaldehyde
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solution and generated a yellow azine dye with a characteristic electronic absorption feature
at 458 nm. The NHj in aliquot was quantified by comparison to the calibration curve
(Figure S16).

4. Conclusions

In this study, we prepared vanadium(IIl) complexes with newly designed triami-
doamine ligands ([LR]3' R =iPr, Pen, and Cy») (1, 2, and 3, respectively) under N, which
have tertiary C atoms adjacent to the terminal N atoms of the ligand. The X-ray structure
analyses for 1, 2, and 3 revealed that complexes 1 and 2 were divanadium-dinitrogen com-
plexes with a p-Nj ligand between two vanadium ions in the end-on mode ([{V(LR®)}»(N))]
R = iPr and Pen), while complex 3 was a mononuclear vanadium complex without Nj
coordination, [V(L®Y?)]. These results indicate that complexes 1 and 2 with isopropyl
and pentyl groups, respectively, can form dimeric structures, but due to steric repulsion
between the dicyclohexylmethyl groups of the ligands, such a dimeric structure was not
formed in complex 3. The evidence of this is that all V-N,;q0 bond lengths around the
vanadium(III) ion are the longest among complex 2 and the divanadium(II)-dinitrogen
complexes with triamidoamine ligands reported so far. Furthermore, complex 3, which
has an even larger dicyclohexylmethyl group, did not form a dimer structure due to steric
repulsion of the dicyclohexylmethyl group and formed a mononuclear complex. Reduction
in complex 3 with potassium metal in the presence of 18-crown-6-ether produced the
thermally unstable vanadium(II)-dinitrogen complex (4). The crystal structure of 4 was
revealed to be a hetero-dinuclear complex with a bridging N, ligand between V(II) and the
K* ion surrounded with 18-crown-6-ether.

Reactions of complexes 1, 2, 3, and 4 with M[CjoHg] (M = Na* or K*) and HOT{
yielded NHj3; and NyHjy, which are significantly different from our previous results using
divanadium-dinitrogen complexes with similar triamidoamine ligands that we reported
as releasing only ammonia [21,22]. This may be explained due to the following facts. In
the case of the previously reported divanadium—dinitrogen complexes with a secondary C
atom on the terminal N atom of the triamidoamine ligand, the addition of alkali metal ions
resulted in the formation of a divanadium-dinitrogen complex as a reaction intermediate.
On the other hand, in the cases of 1, 2, 3, and 4 with tertiary C atoms instead of secondary
C atoms, the addition of alkali metal ions resulted in the formation of a hetero-dinuclear
nitrogen complex. Surrounding the N, atom with large substituents increases the yield
of NH3 and conversely, decreases the yield of NoHy. These results indicate that the large
steric repulsion around the N atom prevents the protonation reaction into the N atom.

Here, we have found that changing the carbon atom adjacent to the terminal N atom of
a triamidoamine ligand from a secondary carbon to a tertiary carbon can have a significant
effect on structure and reactivity. These results provide an important finding to dinitrogen
fixation catalysis and the model study of nitrogenase.
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