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(a) Two spin states of hydrogen atoms, (b) Four spin states of hydrogen molecules and their corresponding

rotational states, (c¢) Relationship between the ratio of o-H, and temperature
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Fig. 6 Catalytic mechanism of hydrogenation of quinazoline

into 3,4-2H-quinazoline using Ir-based catalyst
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Fig. 8 (a) Chemical structure of protonated '* N,-imidazole,

(b) relationship between the chemical shift of " N,-im-
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shift of *N in solution with different pH-*

2.2.2.3 MUy S

A AL 1) 2 7 s 2 0 78 MR 4 s i &0, Hih T
FLAE 2B Uk Y 1 e B AR LR S M . B3 A2 R R
15 CUn I W % S T2 4D 1 PHIP S 1) 43 F B8 B2 TR R DY
ENHER-1-"C-dy (TFPP)YY ., TFPP H.A4 N IR £h 2 ] 10 1k 2%
gk, TSR ArF )2 A5 6 5 ) i 4 e R s [ T = (21
+1) s, HIEF SIS IR L, 78 30 kAR AL A /N B
MELE| C-HP TFPP ££ 5880 e PR 1H L 45 & 8%, &
W TFPP B T ol ik B FE A Ak B0 B 04 4k P9 B AR 4 F 3R &1 Al
P B H 3 MR USRI 37 (4 58 1] A= ) IR A
2.2.3 AAMEEE KA D EF R

TR AETE R SRR (3. KBS, Mok
Z AR M MRI 575 24 iR E# R . BATIES &
WFIEFF K Bk B S 1 M SRS SO AR Ak F2 AR, 61 4n° He A
" Xe 4, 4N Ruan 45 F DNP 4% Ak 19 1 < AE S Jili 48 & 5%
RS, PHIP MRS KRG RN BER TR, 4
WBM AL BE B T 5 p-He sl £ 9 50Tl i A 46 A
YR A LA R JE AN Al B s 1] 2% B A% . Kovtunov 45 — & 4]
& )8 AR F] TiO, B LAE a0, 92 BB AR AL 7Y e
M = 4 i MRI® i P9 e 2 pl 8 1 1 7 0 7 28 oK T as 8¢ 1
AL . il Pd-In/ Al Os %P3 s 1 3 £ 4 i 35 98 %0, fE i
HHSRWAL Y S5 CF M CH 3L {5 558 3 400 £,
A F AL A E] 9. 4%) . RIS LR ik 18% , BERE K
3B AL N4 19 H-MRT BE , 1% 05 838 7T LA R 3 £k
P A AR RN B J A TR AE MRT 2 AR



5% 33 Sl o 5615 M 671

Fo B AL RIE W) AR S TU A B ) 45 0 . R
34 © T T 51 2 R AL R RC PR 0 3 B A B A RS 4 1 B AL
T . R U S R AL AT 56 B 5T 50 4 T B B R
WAL 1SR AT B R — R IE A . AR CRRBLE KR I . A R — o & e A
Ptk NMR J7 3% . OB p-H, A58 Ho WIS AL A F e 25 R 472 0 ik o 2 0 40 1D
A 3 5 R Ak 2 R AT 75 b 75 ) A AR AL I 4 4

References

[1] QU Hong-nan, MENG Qi-yu, WANG Li, et al (LB, 3T, £ Wi, %). Spectroscopy and Spectral Analysis i 2% 5 56 1% 4
B)» 2018, 38(Suppl. 1) 305.

[ 2] ShiF, Zhang Q, Wang P, et al. Science, 2015, 347(6226) . 1135.

[ 3] Kovtunov K V, Pokochueva E V, Salnikov O G, et al. Chemistry—An Asian Journal, 2018, 13(15); 1857,

[ 4] Hovener ] B, Pravdivtsev A N, Kidd B, et al. Angewandte Chemie International Edition, 2018, 57(35): 11140.

[ 5] Skinner J] G, Menichetti L, Flori A, et al. Molecular Imaging and Biology, 2018, 20(6);: 902.

[ 6] SONG Yan-hong, LIU Wen-qing, YAO Ye-feng CRH#1 2T, X 3CHI, Bkrt4). Chinese Journal of Magnetic Resonance (I i 2% 74 &)
2015, 32(3): 470.

[ 7] Duecker E B, Kuhn L T, Muennemann K, et al. Journal of Magnetic Resonance, 2012, 214; 159.

[ 8] Levitt M H. Journal of Magnetic Resonance, 2016, 262; 91.

[ 9] Rayner P J, Duckett S B. Angewandte Chemie International Edition, 2018, 57(23): 6742.

[10] Kiryutin A’ S, Yurkovskaya A V, Zimmermann H, et al. Magnetic Resonance in Chemistry, 2018, 56(7) . 651.

[11] Colell J F P, Emondts M, Logan A W J, et al. Journal of the American Chemical Society, 2017, 139(23): 7761.

[12] Chukanov N V, Salnikov O G, Shchepin R V, et al. The Journal of Physical Chemistry C, 2018, 122(40); 23002.

[13] Theis T, Ariyasingha N M, Shchepin R V, et al. Journal of Physical Chemistry Letters, 2018, 9(20): 6136.

[14] Cai C, Coffey A M, Shchepin R V, et al. The Journal of Physical Chemistry B, 2013, 117(5): 1219.

[15] Baer S, Lange T, Leibfritz D, et al. Journal of Magnetic Resonance, 2012, 225; 25.

[16] Ripka B, Eills J, Kourilova H, et al. Chemical Communications, 2018, 54(86); 12246.

[17] Korchak S, Yang S J, Mamone S, et al. Chemistry Open, 2018, 7(5); 344.

[18] Korchak S, Mamone S, Gloggler S. Chemistry Open, 2018, 7(9); 672.

[19] Knecht S, Kiryutin A’ S, Yurkovskaya A V, et al. Journal of Magnetic Resonance, 2018, 287; 74.

[20] Pravdivtsev A N, Yurkovskaya A V, Lukzen N N, et al. Journal of Physical Chemistry Letters, 2014, 5(19): 3421.

[21] Stevanato G, Eills J, Bengs C, et al. Journal of Magnetic Resonance, 2017, 277; 169.

[22] Schmidt A B, Berner S, Schimpf W, et al. Nature Communications, 2017, 8. 14535.

[23] Richardson P M, Parrott A J, Semenova O, et al. Analyst, 2018, 143(14) . 3442.

[24] Salnikov O G, Shchepin R V, Chukanov N V, et al. The Journal of Physical Chemistry C, 2018, 122(43); 24740.

[25] Cavallari E, Carrera C, Aime S, et al. Journal of Magnetic Resonance, 2018, 289; 12.

[26] Kiryutin A’ S, Yurkovskaya A V, Lukzen N N, et al. The Journal of Chemical Physics, 2015, 143(23);: 234203.

[27] Cavallari E, Carrera C, Boi T, et al. The Journal of Physical Chemistry B, 2015, 119(31): 10035.

[28] Reineri F, Aime S, Gobetto R, et al. The Journal of Chemical Physics, 2014, 140(9): 094307.

[29] Tokmic K, Markus C R, Zhu L Y, et al. Journal of the American Chemical Society, 2016, 138(36): 11907.

[30] Tokmic K, Fout A R. Journal of the American Chemical Society, 2016, 138(41); 13700.

[31] Reineri F, Viale A, Ellena S, et al. Angewandte Chemie International Edition, 2011, 50(32) . 7350.

[32] Cavallari E, Carrera C, Aime S, et al. Chemistry—A European Journal, 2017, 23(5): 1200.

[33] Kovtunov K V, Truong M L, Barskiy D A, et al. Chemistry—A European Journal, 2014, 20(45): 14629.

[34] Zhao E W, Xin Y, Hagelin-Weaver H E, et al. ChemCatChem, 2016, 8(13): 2197.

[35] McCormick J, Korchak S, Mamone S, et al. , Angewandte Chemie International Edition, 2018, 57(33); 10692.

[36] Zhou R, Zhao E W, Cheng W, et al. Journal of the American Chemical Society, 2015, 137(5); 1938.

[37] Zhao E W, Maligal-Ganesh R, Du Y, et al. Chem. , 2018, 4(6); 1387.

[38] Wang W Y, Hu H, XuJ, et al. The Journal of Physical Chemistry C, 2018, 122(2); 1248.

[39] Salnikov O G, Kovtunov K V, Nikolaou P, et al. ChemPhysChem, 2018, 19(20) . 2621.

[40] Burueva D B, Kovtunov K V, Bukhtiyarov A V, et al. Chemistry—A European Journal, 2018, 24(11); 2547.

[41] Bukhtiyarov A V, Burueva D B, Prosvirin I P, et al. The Journal of Physical Chemistry C, 2018, 122(32): 18588.

[42] Richardson P M, John R O, Parrott A J, et al. Physical Chemistry Chemical Physics, 2018, 20(41): 26362.



672 Ji 2 5 61 b 40 B
[43] Barskiy D A, Shchepin R V, Coffey A M, et al. Journal of the American Chemical Society., 2016, 138(26): 8080.
[44] Wong C M, Fekete M, Nelson-Forde R, et al. Catalysis Science & Technology, 2018, 8(19): 4925.

[45] Rayner P J, Norcott P, Appleby K M, et al. Nature Communications, 2018, 9; 4251.

[46] Mewis R E. Magnetic Resonance in Chemistry, 2015, 53(10); 789.

[47] Lloyd L S, Asghar A, Burns M J, et al. Catalysis Science &. Technology, 2014, 4 (10); 3544.

[48] van Weerdenburg B J A, Gloggler S, Eshuis N, et al. Chemical Communications, 2013, 49(67): 7388.

[49] Shi F, Coffey A M, Waddell K W, et al. Angewandte Chemie International Edition, 2014, 53(29); 7495.
[50] Shi F, Coffey A M, Waddell K W, et al. The Journal of Physical Chemistry C, 2015, 119(13); 7525.

[51] Kovtunov K V, Kovtunova L. M, Gemeinhardt M E, et al. Angewandte Chemie International Edition, 2017, 56(35): 10433.
[52] Tali W, Olaru A M, Green G G R, et al. Chemistry—A European Journal, 2017, 23(44): 10491.

[53] Lehmkuhl S, Wiese M, Schubert L, et al. Journal of Magnetic Resonance, 2018, 291; 8.

[54] Kidd B E, Gesiorski J L., Gemeinhardt M E, et al. The Journal of Physical Chemistry C, 2018, 122(29): 16848.
[55] Manoharan A, Rayner P J, lali W, et al. Chemmedchem, 2018, 13(4): 352.

[56] Zhivonitko V V, Skovpin I V, Szeto K C, et al. The Journal of Physical Chemistry C, 2018, 122(9): 4891.
[57] Sorochkina K, Zhivonitko V V., Chernichenko K, et al. Journal of Physical Chemistry Letters, 2018, 9(4); 903.
[58] Barskiy D A, Ke L A, Li X Y, et al. Journal of Physical Chemistry Letters, 2018, 9(11).; 2721.

[59] Guan D X, Holmes ], Lopez-Serrano J, et al. Catalysis Science &. Technology, 2017, 7(10); 2101.

[60] Richards J E, Hooper A J J, Bayfield O W, et al. Chemical Communications, 2018, 54(73): 10375.

[61] Tokmic K, Jackson B J, Salazar A, et al. Journal of the American Chemical Society, 2017, 139(38); 13554.
[62] Jeong K, Min S, Chae H, et al. Magnetic Resonance in Chemistry, 2018, 56(11): 1089.

[63] Hermkens N K J, Aspers R, Feiters M C, et al. Magnetic Resonance in Chemistry, 2018, 56(7): 633.

[64] Hermkens N K J, Eshuis N, van Weerdenburg B J A, et al. Analytical Chemistry, 2016, 88(6): 3406.

[65] Reile I, Aspers R, Tyburn J M, et al. Angewandte Chemie International Edition, 2017, 56(31); 9174.

[66] Cavallari E, Carrera C, Reineri F. Israel Journal of Chemistry, 2017, 57(9) . 833.

[67] Sinharay S, Pagel M D. In Annual Review of Analytical Chemistry, 2016, 9(1): 95.

[68] Abramson R G, Arlinghaus . R, Dula A N, et al. Magnetic Resonance Imaging, 2016, 24(1). 11.

[69] Zacharias N M, Chan H R, Sailasuta N, et al. Journal of the American Chemical Society, 2012, 134(2): 934.
[70] Billingsley K L, Josan S, Park ] M, et al. NMR in Biomedicine, 2014, 27(3); 356.

[71] Zacharias N M, Hu J. McCullough C R, et al. Journal of Molecular Imaging and Dynamics, 2016, 6(1); 123.
[72] Shchepin R V, Goodson B M, Theis T, et al. ChemPhysChem, 2017, 18(15): 1961.

[73] Bonnet M, Hong C R, Gu Y, et al. Bioorganic & Medicinal Chemistry, 2014, 22(7) . 2123.

[74] Bhattacharya P, Chekmenev E Y, Reynolds W F, et al. NMR in Biomedicine, 2011, 24(8); 1023.

[75] Nikolaou P, Goodson B M, Chekmenev E Y. Chemistry—A European Journal, 2015, 21(8); 3156.

[76] Shchepin R V, Barskiy D A, Coffey A M, et al. ACS Sensors, 2016, 1(6): 640.

[77] Shchepin R V, Goodson B M, Theis T, et al. ChemPhysChem, 2017, 18(15); 1961.

[78] Ruan W, Zhong J, Wang K, et al. Journal of Magnetic Resonance Imaging, 2017, 45(3): 879.

[79] Bae ], Zhou Z, Theis T, et al. Science Advances, 2018, 4(3): eaar2978.

[80] Kovtunov K V, Barskiy D A, Coffey A M, et al. Chemistry—A European Journal, 2014, 20(37): 11636.



5% 33 St 5 ik b 673

Parahydrogen-Induced Hyperpolarized Nuclear Magnetic Resonance .
from Basic Principle to Applications

WANG Xin-chang' *, JIANG Wen-long', HUANG Cheng-da' , SUN Hui-jun', CAO Xiao-yu®*, TIAN Zhong-qun®,

CHEN Zhong'" ?*

1. School of Electronic Science and Engineering, Xiamen University, Xiamen 361005, China

2. State Key Laboratory of Physical Chemistry of Solid Surfaces, College of Chemistry and Chemical Engineering. and iChEM,
Xiamen University, Xiamen 361005, China

Abstract Nuclear Magnetic Resonance (NMR) can provide real-time, in-situ high-resolution molecular and biological informa-
tion, and has been wildly applied in determining the structures of highly complex molecules and biological imaging. Its low sensi-
tivity, however, hindered its further application. An effective way to increase the sensitivity of NMR is transferring hyperpolar-
ized spin-orders of exogenous particles to the substrates. The main drawbacks of current methods are high cost of equipment and
complicated procedures. Parahydrogen-induced polarization (PHIP) is a potential candidate to increase sensitivity of NMR due to
its low cost, simple procedure and high polarization efficiency. By transferring the spin-order of parahydrogen into substrate, the
sensitivity of NMR can be increased by at least 3 orders. This review will briefly introduce the basic principles of PHIP, physical
and chemical procedures involved and its application in chemistry and biological imaging. The two hydrogen atoms in parahydro-
gen are in opposite spin states, and can be enriched at low temperature with the help of catalyst. Enriched parahydrogen is rela-
tively stable even when returned to room temperature. Spin-order of parahydrogen can be transferred to substrate by two approa-
ches. First, addition of parahydrogen into unsaturated groups in substrates, which can be used directly, or transfer spin-order to
adjacent heteronucleus (" C, " N, " F et al). Second. signal amplification by reversible exchange (SABRE), through which
parahydrogen and substrates are reversibly coordinated into metal complex and the spin-order is transferred from parahydrogen to
substrates. Choosing the right catalysts is crucial for the enhancement of NMR sensitivity, and this manuscript summarized the
types of catalyst used in this technique and their structures. Moreover, methods to transfer the hyperpolarized spin-order of
parahydrogen, which are important for enhancing the sensitivity of heteronucleus, were also summarized. PHIP has shown great
potential in many applications due to its high increase in sensitivity. First, this technique requires much lower sample concentra-
tion (pmol « L™" or even lower) than normal NMR, which makes determination of low concentration species such as reaction in-
termediate or trace analysis. Second, hyperpolarized substrates are good candidates for NMR imaging contrast agent. Neverthe-

less, realizinglong-lived imaging contrast agent with high polarization and good solubility in water is still challenging.

Keywords Nuclear magnetic resonance; Parahydrogen-induced polarization; Imaging contrast agent; Magnetic resonance ima-

ging contrasting agent
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